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Abstract
Solution-processable high refractive index materials are of immense interest for the pro-
duction of optoelectronic devices, offering the prospect of high throughput, low cost and
large area fabrication. In this thesis the optical characterisation of a relatively new type
of optical material: the organic/inorganic molecular hybrid is presented. This molecular
hybrid uses amorphous titanium oxide hydrates to cross-link polyvinyl alcohol (PVA)
and in doing so enables the production of highly transparent thin film coatings with
inorganic loadings approaching 100%. The refractive index of the hybrid material is de-
termined by probing Fabry-Perot oscillations in the transmittance spectra of thin films.
This simultaneously demonstrates the high indices, low optical loss and excellent film
quality possible for the hybrid. The refractive index is found to be tunable between 1.5
and 1.8 by adjusting the relative content of titanium. However, a simple thermal anneal-
ing process is shown to allow indices above 2, without compromising the transparency
of the material. The index increase on thermal annealing is explained as the result of
the large contraction that also occurs.
The hybrid material is then used to fabricate several planar photonic structures. The
first is a distributed Bragg reflector, in which the hybrid is deposited sequentially with
a commercially available low index fluorinated polymer. The resulting structures have
a high reflectance band that is controlled simply by the thicknesses of the high and low
index layers. The DBRs demonstrate not only the excellent control of refractive index
for the hybrid but also the ability to control layer thickness on the nanometre scale using
dip coating. Infrared DBRs that are highly transparent in the visible are also fabricated
as a possible application of the hybrid material system for heat management of glass
clad buildings. Anti-reflective coatings are also demonstrated that remove 87% of the
reflectance from glass. This is achieved using a symmetrical bi-layer design, again dip
cast from solution.
Finally, all solution-processed optical microcavities are produced using the hybrid mate-
rial. First, a simple defect is inserted into a DBR stack to induce a peak in transmittance
inside the stop-band. This is then extended to include an emissive material: a perylene
derivative, that is coupled to the cavity mode in order to alter its emission characteris-
tics. This, to the best knowledge of the author, is the first demonstration of coupling in
a solution-processed optical microcavity.
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Chapter 1
Organic materials for photonic
applications
This chapter provides an introduction to organic, solution-processable materials in the
field of photonics. The focus is on interference dominated structures; a brief history is
followed by a exploration of the materials choices that dominated the early work and the
new materials that are offering many exciting new possibilities. The chapter concludes
by introducing the organic/inorganic molecular hybrid, and explaining its potential for
a new generation of photonics research.
Photonics can be broadly described as the area of research concerned with the control
of light on interaction with matter. It is a wide and dynamic field, encompassing the
emission, transmission and detection- among others- of light for applications ranging
from data transfer to lighting to solar energy generation. Interference optics is the regime
in which structures with dimensions similar to the wavelength of light are probed.
Interference occurs when two or more waves combine at some point in space, to produce
a resultant wave. If, for example, two waves of equal amplitude meet each other 180o
out of phase then an exact cancelation will occur. For structures with dimensions sim-
ilar to wavelength of a light source, interference effects become dominant as radiation
propagates through it.
1.1 A brief history of interference optics
As is often the case with scientific discoveries, interference effects have been widely
observed in the natural world before their demonstration in the lab. The vibrant blues
reflected from the wings of the blue morpho butterfly, the rainbow shimmer from an
1
Chapter 1. Organic materials for photonics applications 2
opal, even the vibrant reflection from an oil stained puddle, these are all the result of
interference effects caused by naturally occurring sub-wavelength structures occurring
in nature.
The first demonstration of optical interference in the laboratory came in the 18th century
when Sir Isaac Newton placed a convex lens on a flat glass surface producing what is now
commonly known as Newton’s rings. The observation of concentric light and dark rings
is explained by the interference between reflections from the curved and flat surfaces,
the distance between them increasing further from the centre thus changing the phase
difference between the reflected waves. Perhaps this discovery came a little before its
time, Newton certainly struggled to comprehend this effect as the wave-like nature of
light was still yet to be established.
At the turn of the 19th century a new piece of evidence concerning the interference of
light was presented by Thomas Young at the Royal Society in London. He showed the
formation of bright and dark fringes projected onto a screen when light from a single
source passed through two small slits and explained it as the interference between the
two respective waves, this is known as the Young’s slits experiment.
“When two undulations, from different origins, coincide either perfectly or very nearly
in direction, their joint effect is a combination of the motions belonging to each.”
Thomas Young, 1802 [1]
Young’s explanation relied heavily on the idea of light as a wave but there was consider-
able resistance to this, mostly still due to the authority held by Newton’s work from the
previous century. It was not until Augustin-Jean Fresnel’s work [2] on the interference of
polarised light that the wave theory of light was truly accepted by the scientific commu-
nity. He demonstrated that two beams of light polarised at 90o to one another cannot
interfere, thus confirming the transverse nature of light. He also contributed the Fresnel
equations- that describe the amplitude and phase of transmitted and reflected parts of a
beam of light incident on an interface between two media, which will be revisited later.
Somewhat unexpectedly, the other significant development in the theory of light was
made by James Clark Maxwell as he conducted his work on electricity and magnetism
[3]. He used partial differential equations to describe the interaction of the electric and
magnetic fields, not only providing the foundation for the field of electrodynamics but
also yielding evidence for the nature of light. It is by solving Maxwell’s equations that
the expression for a plane polarised electromagnetic wave is derived whose speed c is
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dependent on the electric and magnetic properties of the medium of propagation:
c =
1√
0µ0
. (1.1)
where 0 and µ0 are the vacuum permittivity and permeability respectively.
By substituting the known empirical constants a value equal to that obtained for the
speed of light is arrived. The inescapable conclusion was that light waves propagate
as an oscillation of the electromagnetic field. Maxwell’s equations form the basis of
classical optics so will be the starting point for the theoretical discussion, and made an
immeasurable contribution to the development of the field of optics.
Meanwhile, other discoveries were being made in the field of optics concerning inter-
ference of light. Joseph von Fraunhofer reported what is likely the first example of an
anti-reflection coating when he exposed a polished glass surface to sulphuric acid [4]. He
also experimented with the effects of thin films of alcohol and a material called gum-lac
on top of transparent substrates, observing that the reflected colour changed with angle
and likening the effect to that seen with soap bubbles. In 1886, Lord Rayleigh presented
experimental results confirming Fresnel’s equations for the reflection from glass [5], with
the caveat that the glass must be freshly polished for a reasonable agreement. This, he
suggested, was due to the removal of a thin residual layer of lower refractive index than
the glass itself, chiming neatly with the earlier work by Fraunhofer.
There was, however, still a dark cloud hanging over the electromagnetic theory of light:
the medium of propagation. Every other example of a wave was understood as an os-
cillation of some medium. This was explained by the postulation of the rather exotic
sounding luminiferous ether, an idea stemming from the earlier work by the Dutch scien-
tist Christiaan Huygens. In the search for the elusive ether an experiment was devised
to detect the so called ether drift caused by the movement of the earth through the
ether. The Michelson-Morley interferometer produces an interference pattern between
two beams of light sent down perpendicular paths by a beam splitter. Michelson and
Morley hypothesised that a fringe shift would be observable due to phase difference
induced by waves travelling parallel and perpendicular to the ether. Their experiment
failed to produce evidence of the luminiferous ether [6] but is considered one of the most
important null results in the history of science and it was responsible for considerable
progress in the field of interferometry, that was built on by the French scientists Charles
Fabry and Alfred Pe´rot.
The Fabry-Pe´rot interferometer involved a crucial improvement on the earlier setup of
Michelson and Morley in that it relied on interference between waves reflected from
semi-reflective surfaces [7]. These were two parallel and moveable glass plates, with the
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interference pattern being created by the multiple reflections between them to produce
much more distinct interference fringes. The Fabry-Pe´rot interferometer has found ap-
plications across many stands of optics, from lasers to filters, and laid the groundwork
for field of thin film optics.
The latter part of the 19th century saw another important discovery as Lord Rayleigh
observed a one-dimensional photonic crystal [8] (although that term would not be coined
for another 100 years). In 1887 Rayleigh published a paper describing the reflection from
potassium chlorate crystals in which a narrow spectral band was strongly reflected, also
noting the movement of the reflection band with angle of incidence and thus identifying
interference as the cause of the effect.
“The spectrum of the reflected light is frequently found to consist almost entirely of a
comparatively narrow band. When the angle of incidence is increased, the band moves
in the direction of increasing refrangibility, and at the same time increases rapidly in
width. In many case the reflexion appears to be almost total.”
Lord Rayleigh, 1887 [8]
Rayleigh understood that the band of high reflection resulted from the modulation of
refractive index in one dimension and that, even if the index contrast is extremely small,
a band gap will open up for which light cannot propagate.
The period between the two world wars saw a rapid development of the field of thin
film optics, with several factors contributing to the progress. On the demand side,
many products such as telescopes and lenses being developed benefited greatly from
anti-reflective coatings. Also, the improvements being made to vacuum pumps meant
that the techniques needed for accurate thin film deposition- sputtering and evaporation,
were achievable.
Returning to the photonic crystal, there was much research conducted during the 20th
century into one dimensional structures but it was not until landmark papers by Yablonovitch
and John in 1987 that interest in the field was ignited. Yablonovitch suggested the open-
ing up of a band gap in three dimensions in order to alter the spontaneous emission of
emitters placed inside the photonic crystal [9]. John was focused on the use of a periodic
structure for localisation of light in three dimensions [10]. Although practical difficulties
of fabricating such structures- especially at optical wavelengths, have restricted progress
to some degree there has been much work conducted in the field [11]. Devices like the
photonic crystal waveguide are direct applications of this work [12].
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1.2 Material choices
In a photonic structure photon propagation is controlled by spatial modulation of re-
fractive index in at least one direction. This can cause a stop band to open up, a band
of wavelengths that cannot propagate through the structure [13]. This is analogous to
the behaviour of electrons in the periodic electronic structure of a semiconductor. If a
defect is introduced, light can be confined, for example an optical mode in a waveguide.
Therefore, when designing a photonic structure, materials for which refractive index is
well defined over a wide range, and have minimal losses are sought. The refractive index
contrast ∆n to some extent defines the limits of the produced structure, for a distri-
bution Bragg reflector an increase in ∆n increases both the reflected intensity and the
width of the reflectance band.
1.2.1 Why inorganics were the obvious choice
Refract
ive ind
ex
Organic Hybrid Inorganic
3
1
4
2
Figure 1.1: Range of refractive index for organic and inorganic materials highlighting
why inorganics are laregly preferred for fabrication of photonic structures. The central
column reflects the emergence of hybrid organic/inorganic materials that combine the
wide index range of inorganics with the processability or organics.
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Range of refractive index was the principal reason for the use of inorganics- eg. III-V
semiconductors, for the vast majority of the early work in the field of photonics re-
search. As can be seen in Figure 1.1, there is an enormous band of indices available.
Different material combinations can be chosen depending on the application, for exam-
ple AlAs/AlGaAs is a typical material system for the DBRs in a resonant-cavity light
emitting diode (RCLED) emitting at 650nm [14, 15]. Another common material sys-
tem is GaAs/AlAs, favoured for fabrication of infrared RCLEDs at 1300nm, boasting a
refractive index contrast of 0.504 at this wavelength [15, 16].
As was mentioned above, refractive index contrast is only one side of the coin, the other
being accurate deposition. One can have a large refractive index contrast but without
being able to accurately control the deposition of the materials it will be impossible to
obtain the desired photonic structure. In this regard the choice of inorganics is again
obvious as they make use of the vapour deposition techniques developed by the semi-
conductor industry that allow nanometre scale precision. These deposition techniques
are expensive and require highly experienced technicians but were favoured for lack of a
realistic alternative. Organic materials were considered unsuitable due to their narrow
refractive index window.
1.2.2 What organics have to offer
The motivation for exploring the use of organic materials for production of photonic
structures is related to their favourable processability. Plastics have completely revolu-
tionised production of many consumer products, ushering in an age of mass-consumption.
This has been caused by a drastic cost reduction that has affected all walks of life; the
concept of disposable cutlery would have seemed very alien just a couple of generations
ago. The sharp reduction in cost is a result of high throughput production- either from
the melt or from solution, that is possible with plastics. The materials themselves are
also relatively abundant, and very cheap.
Yet, as can be seen in Figure 1.1 organic materials have similar refractive indices, occu-
pying a narrow band centred at n = 1.5. This is caused by the low, and largely invariant,
molar refractivity of their constituent elements [17]. The lack of refractive index con-
trast available for organic materials is the most significant reason that they have been
overlooked for use in photonic structures. The other issue concerns their deposition.
Whilst depositing extremely thin, sub-wavelength layers of organic materials is fairly
straightforward, there is no well established fabrication technique that provides control
of thickness on the nanometre scale.
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There has, however, been considerable interest over the past decade in producing opto-
electronic devices with organic materials. Plastic electronics- as it has become known, is
now a major research field, focussing on organic light emitting diodes (OLEDs), organic
photovoltaics (OPV) and organic field-effect transistors (OFETs). These devices- with
the exception of OLEDs, are dominated by solution-processable materials, which are
necessary to achieve the holy grail of plastic electronics: high throughput production,
preferably by roll-to-roll printing. This focus on development of organic optoelectronic
devices with sub-wavelength dimensions has in turn led to interest in high refractive
index solution-processable materials. The motivation for investigating these high index
materials is intrinsically linked to the control of light propagation inside devices, for
example light extraction from organic light emitting diodes (OLEDs) [18]. Yet high in-
dex solution-processable materials also have implications for the production of photonic
structures.
High refractive index solution-processable materials fall into two groups: intrinsic high
refractive index polymers (HRIPs) and nanocomposites [17]. HRIPs are synthesised
to include highly refractive substituents such as aromatic rings [19], halogens [20], sul-
phur containing groups [21–23] and organometallic moieties [24]. They typically achieve
refractive indices in the range 1.6 < n < 1.8.
The limited success of the HRIP approach has led to the development of nanocomposites,
materials in which sub-wavelength inorganic particles are integrated into a solution-
processable polymer matrix. Ideally, the nanoscale particles of high refractive index
material, increase the refractive index yet do not compromise the favourable process-
ability or transparency of the polymer. The theoretical basis of this approach comes
from Bruggeman effective medium theory [25, 26], that relates the permittivity ε of a
composite material in terms of the permittivities of its constituents ε1 and ε1:
x1
(
ε1 − ε
ε1 + 2ε
)
+ x2
(
ε2 − ε
ε2 + 2ε
)
= 0 (1.2)
where x1 and x2 are the volume fractions of the constiuents.
The linear dependence of refractive index on volume fraction of constituents has also
been experimentally verified [27]. Nanocomposite systems have been investigated incor-
porating a range of inorganic nanoparticles including ZnO2 [28], amorphous Si [29], ZnS
[30] and TiO2 [31–33], claiming refractive indices as high as n ≈ 2. The two approaches
can also be combined together by incorporating high index nanoparitcles into a HRIP
[34]. These systems are typically limited to a goldilocks zone in which as much inorganic
material has been added as possible without compromising the processability and, more
pertinently, the transparency of the nanocomposite. The reason for this limitation is
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that the high specific surface energies of inorganic species (typically 500-2000 mJm−2
compared to 20-50 mJm−2 for polymers) cause them to form strongly bonded aggre-
gates if the concentration is too high [35]. If the inorganic nanoparticles form large scale
aggregates, they begin to act as scattering sites, thus reducing the transparency of the
material.
A typical example of a nanocomposite is the polyimide/nanocrystaline TiO2 system
reported by Su et al. [32]. They report tuneable refractive index of 1.57 < n < 1.99,
obtained by ellipsometry, and supposedly high transparency in the visible/near infrared.
Their transmission electron microscopy (TEM) and X-ray diffraction (XRD) analysis
indicates particles of anatase TiO2, with 3 nm< d <4 nm. The absorbance spectra
show clear evidence of interference effects: an oscillatory signal in the low loss region,
which could be used to probe the losses of the material, as is done for the hybrid
material reported in this thesis. Instead, the reader is asked to rely on unreported
ellipsometry data as proof of the high index and apparently high transparency of a
material approaching 100% TiO2 by volume. TiO2/polymer nanocomposites have even
been reported as optical diffusers [36], and while this is of course a sensible application
for such systems, it goes some way towards highlighting the problems associated with
the transparency of nanocomposites.
1.3 The concept of a molecular hybrid
The nanocomposites discussed in Section 1.2.2 are limited by scattering from large scale
aggregates of inorganic material that result in reduced transparency. In an attempt to
minimise these optical losses, complex multistep synthesis routes are needed for both
the organic and inorganic species [32]. A novel solution to this problem was reported by
Russo et al. [37], their molecular hybrid uses the inorganic species as a cross-linking agent
for a polymer. This is achieved by synthesising amorphous titanium oxide hydrates,
rather than nano particles of crystalline TiO2, and choosing a polymer- polyvinyl alco-
hol (PVA), that forms strong interactions with the inorganic species via hydrogen bonds
between the OH groups. They managed to deposit thin film coatings with inorganic con-
tent approaching 100% that, because of the preferential bonding between inorganic and
organic species, are still highly transparent. The ability to synthesise transparent, high
inorganic content hybrid materials via a relatively straightforward route is extremely
encouraging for the production of high index solution-processable materials and is the
motivation for the optical characterisation in Chapter 3.
Chapter 2
Theory, design and measurement
of thin film photonic structures
This chapter gives an overview of the theory of thin film photonic structures. Starting
from the cornerstone of electromagnetism: Maxwell’s equations, expressions describing
the behaviour of radiation propagating through thin film structures are obtained. This
leads to the transfer matrix method (TMM) that vastly simplifies the calculations for sin-
gle layers, but more importantly allows the calculation of transmittance and reflectance
of multilayer structures to be computed relatively easily.
The design of various thin film film photonic structures is then explored, focussing on
specific layer thicknesses: half and quarter-wave, that are important to understand the
design of various multilayer structures such as the distributed Bragg reflector (DBR).
The effect of the refractive index contrast between two materials on the response of a
photonic structures such as a DBR is explored, highlighting the importance of maximis-
ing this contrast to obtain broadband high reflectivity DBRs.
Lastly, the measurement techniques used to extract the optical properties of thin films,
and later multilayer structures, are introduced. Modelling thin film transmittance and
reflectance spectra is found to be an incredibly sensitive means by which to determine
refractive index and optical loss of a material.
2.1 From Maxwell’s equations to plane waves in dielectric
media
Maxwell’s equations are the starting point for any discussion regarding electromag-
netism, a solution of which is a plane polarised electromagnetic wave propagating through
9
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some medium. As this is covered in many texts, Macleod’s Thin film optical filters [38]
being a good example, it is sensible to simply state the result for the time varying electric
field:
E = Eexp[iωt− (2piN/λ)x] (2.1)
where ω is the angular frequency of the wave and x is the distance along the axis of
propagation.
The parameter N is the complex refractive index, this is of the form
N = n− ik . (2.2)
The real part of the refractive index n- often referred to simply as the refractive index,
is the inverse ratio of the speed of light in that particular material to that in a vacuum.
For example, in a material with a refractive index n=2, light propagates at 12c. The
imaginary part of the refractive index k is the extinction coefficient, and describes the
reduction in intensity of the wave as it propagates through a material. These two
components of the complex refractive index describe completely how an electromagnetic
wave propagates through matter.
By substituting Equation 2.2 into Equation 2.1 the plane wave equation is restated in
terms of the real and imaginary refractive index
E = Eexp[−(2pik/λ)x]exp[iωt− (2pin/λ)x] (2.3)
Concerning the first exponent in Equation 2.3, the extinction coefficient k emerges as the
variable controlling the dampening of the amplitude of the Electric field: the amplitude
of the wave drops off as a negative exponential function. The second exponent describes
a plane wave propagating through a perfect dielectric for which it is beneficial to no
longer consider geometrical distances but rather optical distances. The change in phase
of the wave after traveling a distance x in a material with refractive index n is the same
as for the distance nx in vacuum. It is therefore sensible to use this optical distance nx
when discussing photonic structures in which interference effects dominate; as it is the
phase relation between coincident waves that is important.
An electromagnetic waves causes the movement of energy in the direction of propagation,
with rate of energy transfer given by the Poynting vector
S = E×H . (2.4)
Being a cross product of the E and H fields, the Poynting vector must be perpendicular
to both, the case for any transverse wave. The Poynting vector oscillates at twice the
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frequency of the Electric and Magnetic fields so it is the average that is needed to
calculate the power delivered by the wave- the quantity most likely to be measured.
This is more commonly known as the intensity I.
The magnitude of the intensity is given by
I =
1
2
Re(EH∗) (2.5)
where E and H are scalar magnitudes of the two fields.
By substituting an expression for H in terms of E the intensity of a plane wave propa-
gating through some medium is found as
I =
1
2
nY|E|2exp[−(4pik/λ)x] (2.6)
where nY denotes the optical admittance. Therefore the intensity falls off as a negative
exponential function, dropping to 1/e of its original value after a distance of 4pik/λ.
This distance is used extensively to describe the losses in materials, and is known as the
absorption coefficient
α = 4pik/λ (2.7)
with units of inverse length, typically cm−1.
2.2 Light at an interface
Section 2.1 gave a overview of the formulation of the plane wave equation in a medium
of complex refractive index. This on its own is of little use as in thin film structures,
as with any optical component, the effect of boundaries on a propagating wave need be
considered. This section will begin by giving an overview of the effect of a boundary
between two media of different refractive indices on an incident wave. This will be
essential for the consideration of the multiple boundary case, in which the boundaries
are separated by distances small enough to observe coherent effects.
When a light wave is incident on a boundary between two media part is transmitted and
part is reflected back from the interface. The effect of a boundary on an incident wave
is found by asserting that the tangential components of E and H are continuous across
it yet a full derivation is unnecessary here, instead the important results will be stated.
It is the reflected and transmitted irradiance that are normally sought, so to find these
it is necessary to consider the energy transfer across the boundary; the poynting vector
has to be continuous across it. In this way expressions for the ratio of reflected and
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Refractive index, n0
Refractive index, n1
θi Boundary 
Incident wave
θr
θt
Re�lected wave
Transmitted wave
Figure 2.1: Schematic of a plane wave incident on the boundary between two materials
of different refractive index
transmitted irradiances, Ir and It, to that of the incident wave Ii are found to be
R =
Ir
Ii
= ρ2 =
(
n0 − n1
n0 + n1
)2
(2.8)
and
T =
It
Ii
=
y1
y0
τ2 =
4n0n1
(n0 + n1)2
. (2.9)
where y0 and y1 denote the optical admittance of each medium.
Given that n0 and n1 are real and positive then τ must also be real and positive, this
means that there is no phase change between incident and transmitted waves. The same
is true for ρ only if n0 > n1, and if n0 < n1 then ρ will be negative thus indicating a pi
phase change between incident and reflected waves.
Combining Equations 2.8 and 2.9 the expected relation between reflected and transmit-
ted power is returned, i.e.
T = (1−R) . (2.10)
The next step is to consider the case of oblique incidence, something that will be of
use when considering the angle dependent response of photonic structures. At oblique
angles the polarisation of the incident wave has to be incorporated, this is dealt with
neatly by adopting the common convention of p-polarised (electric vector in the plane of
incidence) and s-polarised (electric vector normal to the plane of incidence) orientations.
In this way any incident wave can be dealt with by splitting it into its p-polarised and
s-polarised components.
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The familiar equations for the angles of reflection and transmission are
θi = θr (2.11)
and
n0sinθi = n1sinθt (2.12)
where n0 and n1 denote the refractive index of the incident and transmitted media as
shown in Figure 2.1.
At oblique angles the expressions for the reflected and transmitted irradiances become
R =
(
η0 − η1
η0 + η1
)2
(2.13)
and
T =
4η0η1
(η0 + η1)2
. (2.14)
where tilted optical admittance η has replaced the refractive index.
For the two polarisations tilted optical admittance is defined as:
ηp =
nY
cosθ
(2.15)
and
ηs = nYcosθ (2.16)
where Y is the optical admittance in free space. So far the discussion has been limited
to a boundary between media with no absorption, ie. only the real part of the refractive
index is non-zero. Using equation 2.2 this can be extended to include absorbing media
in which
n→ n− ik . (2.17)
For the case of an absorbing material the reflected and transmitted irradiances read
R =
(
η0 − η1
η0 + η1
)(
η0 − η1
η0 + η1
)∗
(2.18)
and
T =
4η0Re(η1)
(η0 + η1)(η0 + η1)∗
. (2.19)
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2.3 The thin film case
Having considered the reflection and transmission of light at an interface between mate-
rials of complex refractive index, it is now necessary to consider multiple interfaces, as
this is the case for any optical component. This will firstly focus on a thin film coating
on a transparent substrate. The description of a film as thin means that the separation
of the interfaces is less than the coherence length of the light illuminating the film. It is,
of course, true that a given film can be thin or thick depending on the light source used,
but for the structures reported in this thesis a film is considered thin when nd ≈ λ, as
white light sources with relatively short coherence lengths are predominately used.
Incident medium, N0
Thin �ilm, N1
Substrate, Ns
θ0
d1
Boundary A
Boundary B
Incident plane wave
Figure 2.2: Schematic of a thin film with an incident plane wave
For a thin film coating on a transparent substrate the two boundaries are between the
air and film and the film and substrate, identified in Figure 2.2 as boundary A and B
respectively. Initially this description will be limited to the reflectance from the thin
film, later to be extended to the transmittance and absorptance. Waves travelling in
the direction of incidence are denoted as positive, and waves travelling in the opposite
direction as negative, so the tangential components of E and H at boundary B are:
Eb = E
+
1b + E
−
1b
=
(
1
2
(Hb/η1 + Eb)
)
+
(
1
2
(−Hb/η1 + Eb)
) (2.20)
and
Hb = η1E
+
1b − η1E−1b
=
(
1
2
(Hb + η1Eb)
)
−
(
1
2
(−Hb + η1Eb)
) . (2.21)
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This description does not allow for a negative going wave in the substrate, and although
this is not usually true the thickness of a normal substrate means that the contribution
from its back surface does not combine coherently with the reflections from the thin film
interfaces. It is therefore sensible to consider firstly the reflection from and transmission
into an infinite substrate, then later add the effect of the distant back surface of the
substrate.
At any given time the fields at boundary A will be shifted by some phase factor exp(±iδ),
with the sign depending on the direction of propagation, where
δ = 2piN1d1cosθ1/λ . (2.22)
Equation
The fields at boundary A can now be defined in terms of those at boundary B, so that
Ea = E
+
1a + E
−
1a
= E+1be
iδ + E−1be
−iδ
=
(
1
2
(Hb/η1 + Eb)e
iδ
)
+
(
1
2
(−Hb/η1 + Eb)e−iδ
)
= Eb
(
eiδ + e−iδ
2
)
+Hb
(
eiδ − e−iδ
2η1
)
= Ebcosδ +Hb
isinδ
η1
(2.23)
and
Ha = H
+
1a +H
−
1a
= H+1be
iδ +H−1be
−iδ
=
(
1
2
(Hb + η1Eb)e
iδ
)
+
(
1
2
(Hb − η1Eb)e−iδ
)
= Ebη1
(
eiδ − e−iδ
2
)
+Hb
(
eiδ + e−iδ
2
)
= Ebiη1sinδ +Hbcosδ
. (2.24)
This can be written more conveniently in matrix form as[
Ea
Ha
]
=
[
cosδ (isinδ)/η1
iη1sinδ cosδ
][
Eb
Hb
]
(2.25)
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and by dividing through by Eb the characteristic matrix of the thin film structure is
given as [
Ea/Eb
Ha/Eb
]
=
[
B
C
]
=
[
cosδ (isinδ)/η1
iη1sinδ cosδ
][
1
ηs
]
. (2.26)
Again the optical admittance is useful for finding the reflected and transmitted intensi-
ties, for the thin film this is in terms of the B and C coefficients from the characteristic
matrix:
Y =
Ha
Ea
=
C
B
=
ηscosδ + iη1sinδ
cosδ + i(ηs/η1)sinδ
. (2.27)
The calculation of the reflected intensity is now directly analogous to that of the single
interface with optical admittance Y:
R =
(
η0 − Y
η0 + Y
)(
η0 − Y
η0 + Y
)∗
(2.28)
And similarly for the transmitted intensity
T =
4η0Re(ηs)
(η0 + Y )(η0 + Y )∗
. (2.29)
At this point it is worth re-stating the limitations of this result; i.e. that this represents
the reflection from a thin film on an infinite substrate and that the index of incident
medium is real. The contribution from the back surface of the substrate will be dealt
with later in this section, and for all situations in this thesis the assumption of a lossless
incident medium (air) is reasonable.
2.4 The transfer matrix method
Having arrived at method for calculating the reflectance from a single thin film on an
infinite substrate it is now important to extend this to an assembly of thin films. A
thorough analysis of the fields at each additional interface is not necessary because of
the fact that it is analogous to that found in the preceding section for a single thin film.
Instead a 2x2 matrix Mr can be defined for the r
th layer, such that
Mr =
[
cosδr (isinδr)/ηr
iηrsinδr cosδr
]
(2.30)
where δr is found for each individual layer according to Equation 2.22, and ηr likewise
using either Equation 2.15 or Equation 2.16. Snell’s law must be used to find the angle
of propagation of each transmitted wave in that layer.
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Incidentmedium Emergentmedium
Figure 2.3: An assembly of thin dielectric layers as described by the TMM. The
optical constants for refractive index n, extinction coefficient k, and thickness d, are
used to produce a 2x2 matrix M for each layer according to Equation 2.30. These
matrices are multiplied together in the order they appear in the structure to give the
characteristic matrix.
The matrices are then multiplied together in the order found in the structure to give
the characteristic matrix for the entire assembly[
B
C
]
= [M1][M2][M3]...[Mn]
[
1
ηs
]
. (2.31)
This notation indicates that the uppermost layer is M1, followed by M2, M3 etc. down
to the nth and final layer Mn, that is deposited onto the substrate or emergent material.
Multiplication of each matrix in the correct order is essential for obtaining the true
optical properties of the assembly.
This method greatly simplifies the modeling of periodic structures where for example a
bi-layer is repeated N times, as the product of the matrices for the two layers is raised to
the power of the number of periods. The parameters B and C in Equation 2.31 can also
yield the transmittance and absorptance of a given multilayer stack. Here the important
results will just be stated yet for a more thorough derivation Macleod [38] is suggested.
For consistency, reflected intensity is again given, yet this time in terms of B and C
rather than the optical admittance.
R =
(
η0B − C
η0B + C
)(
η0B − C
η0B + C
)∗
(2.32)
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The transmitted intensity reads
T =
4η0Re(ηs)
(η0B + C)(η0B + C)∗
(2.33)
where the substrate is still considered as infinite. This will therefore yield the transmit-
tance into the substrate rather than the transmittance through the entire structure.
In the same way the absoptance of the structure is given as by enforcing the condition
of A=1-R-T.
A =
4η0Re(BC
∗ − ηs)
(η0B + C)(η0B + C)∗
(2.34)
2.5 Some important thicknesses: quarter and half-wave
layers
The characteristic matrix of the above described transfer matrix method allows not only
the calculation of the photonic response of complicated thin film structures but also gives
some insight into particularly interesting configurations. These occur when the optical
thickness nd is some multiple of quarter or half waves and can be extremely useful for
design of photonic structures.
nd=λ/4 π/2 π/2
π πAir
Air nd=λ/2 π π
π 2πAir
Air
Reflected waves       in phase
Transmitted waves          in phase
a) Quarter-wave optical layer b) Half-wave optical layer
π/2
π/2 3π/2
π
π 3π
Figure 2.4: Schematic of a quarter and half-wave layer of some material with air on
both sides. The phase changes on reflection from the interfaces of the quarter wave
cause constructive interference whereas for the half wave layer it is the exact opposite.
When the optical thickness nd of a thin film layer is controlled such that at some given
wavelength λ
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nd =
λ
4
(2.35)
then the phase change δ on traversing the layer is pi/2. Thus cosδ = 0 and sinδ = ±1
so the characteristic matrix of that particular layer becomes
±
[
0 i/η
iη 0
]
. (2.36)
π π 3π 3π 5π 5π
nhd=λB/4
nld=λB/4
π/2
π/2
π
π/2 π/2
π/2
π
High index
Low index
Substrate
Phase changes inside a
distributed Bragg re�lector Re�lections combine in phase
Figure 2.5: Schematic of a DBR showing the phase changes on reflection from each of
the internal interfaces. By choosing the optical thickness to abide by the quarter-wave
condition for some wavelength λB all of these components are reflected in phase.
If this thin film is deposited on a substrate for which nfilm > nsubstrate then the relative
phase difference of the waves reflected from the film interfaces is zero. The part of the
wave immediately reflected from the film must undergo a pi phase change as nfilm > nair.
The transmitted wave undergoes a pi/2 phase change on traversing the film, no phase
change on reflection from the film/substrate interface as nfilm > nsubstrate, and then a
further pi/2 phase change on traversing the film in the opposite direction, therefore also
giving a pi phase change. Further coherent reflections inside the film clearly contribute
to the total reflection, yet each successive round trip inside the film constitutes a further
2pi phase change; a pi phase change on reflection from the air/film interface and a further
pi phase change traveling across the film in both directions, to combine in phase at the
air/film interface. This layer is said to obey the Bragg condition whereby all reflected
waves combine constructively.
A quarter wave layer will therefore have a reflection peak the wavelength for which the
quarter-wave condition is obeyed, and higher order peaks at other periodic wavelengths,
but ultimately the magnitude of the reflectance is limited by the index of the layer. This
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can be addressed by replacing the single layer with a multilayer assembly, for which the
the optical thickness of each layer is a quarter wave, as the reflections from each interface
in the multilayer structure will combine in phase, thus increasing the reflected intensity.
It is perhaps best to start with a bilayer structure in which the high index quarter wave
layer is joined by a low index quarter wave layer. Using the transfer matrix method we
can obtain the characteristic matrix for the bi-layer simply by multiplying together the
characteristic matrices for the individual layers.[
0 i/ηH
iηH 0
][
0 i/ηL
iηL 0
]
=
[
−ηL /ηH 0
0 −ηH /ηL
]
(2.37)
If this bi-layer is repeated N times to form a periodic high and low index quarter wave
stack the characteristic matrix of the assembly is given by
±
[
(ηL /ηH)
N 0
0 (ηH /ηL)
N
]
(2.38)
with the coefficients becoming positive for even N and negative for odd N.
Such a multilayer structure for which the Bragg condition is met for all layers is a DBR.
The periodic modulation of refractive index through the structure can be considered
analogous to the periodic variation of electronic properties in a semiconducting mate-
rial, and the high reflectance region as an optical stop band for which photons cannot
propagate.
Inputting the characteristic matrix of Equation 2.38 into Equations 2.31 and 2.32 allows
the calculation of the reflectance of this assembly deposited on an infinite substrate (the
contribution of the reflections from the back surface of the substrate can be included
using Equation 2.44 but as N becomes large this becomes less and less significant).
This is expressed in terms of the admittances and periodicity for a structure of 2N+1
layers quite neatly as
R =
(
1− (ηH /ηL)2N (η2H /ηs)
1 + (ηH /ηL)2N (η2H /ηs)
)2
(2.39)
where the high index material is used for both the first and last layer.
As the number of periods increases so does the reflectance. In fact, for any two materials,
as N → ∞ so R → 100%. However, the reflectance of an N period DBR will increase
with the refractive index contrast ∆n.
As mentioned above, the reflectance spectra of a DBR consists of a band of high re-
flectance that for a large number of periods falls off sharply. The magnitude of the
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Figure 2.6: Calculated reflectance from DBRs with small index contrast (top panel)
and large index contrast (bottom panel). The numbers by the plots indicate the pe-
riodicity of the structures. A large index contrast is seen to broaden the reflectance
band and sharply increase the reflectance from a equivalent number of layers- this is
seen clearly by comparing the spectra for 10 period structures of both designs.
reflectance in the stop band increases with higher periodicity N, as described by equa-
tion 2.39. Outside of this stop band the reflectance drops to some low but oscillatory
value. These structures can be remarkably transmissive at wavelengths outside the re-
flectance band.
The width of the stop band is a function of the index contrast ∆n. Expressing the
wavelength in relation to the Bragg wavelength λ0 allows an approximation for the stop
band width:
∆
(
λ0
λ
)
=
1
pi
sin−1
(
nH − nL
nH + nL
)
. (2.40)
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The choice of materials and periodicity for a DBR is therefore dependent on the ap-
plication. If a broadband reflector is needed then two materials for which the index
contrast ∆n is large must be sought. Likewise, if high reflectance from a small number
of layers is desired then the index contrast ∆n must again be maximised. If, however, a
narrow band of high reflectance is wanted then a DBR of high periodicity but low index
contrast ∆n must be grown. Figure 2.6 demonstrates this play off nicely by contrasting
the reflectance from DBRs with ∆n = 0.05 and ∆n = 0.5. Whereas the DBR with a
small index contrast has a narrow reflectance band (≈ 30nm) and needs 40 periods to
reflect 80% of the light incident on it, the DBR with high index contrast has a broad
150nm reflectance band that is reflecting ≈ 100% with just 10 periods.
For a half-wave layer the characteristic matrix is just a 2x2 unit matrix:
±
[
1 0
0 1
]
. (2.41)
This therefore has no effect on the transmittance, and therefore is undetectable in re-
flectance. Although this seems something of a null result half-wave layers can be of use
when designing photonic structures and will be revisited when designing anti-reflective
coatings and optical microcavities.
2.6 Dealing with incoherent reflections inside a substrate
The transfer matrix method is extremely useful for modeling the optical properties of
complex thin film structures but it fails when interfaces separated by a distance larger
than the coherence length of the light source are introduced. In this situation the layer
in question is no longer considered thin by the definition in Section 2.3. The typical
case is that of a substrate with a thickness of several mm, this has an optical thickness
nd that is so large it causes the phase factor of Equation 2.22 to change rapidly with
wavelength. If this is then used to calculate a transmittance spectra it will oscillate
wildly with wavelength, rather than the flat spectra typically measured for a substrate.
This is due to the coherence length of the white light source being far shorter than the
distance between the interfaces and thus inhibiting the interference between successive
reflections. It is also necessary to consider that the changes in thickness across the
substrate are likely to be a significant fraction of the wavelength, further hindering the
use of a coherent model. Clearly the transfer matrix method is not appropriate for
describing propagation of waves through thick films, another approach is clearly needed.
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Figure 2.7: Schematic showing the contributions to the total reflected or transmitted
intensity from interfaces in the incoherent regime (d>>coherence length). Subscript
denotes the interface (in this case a and b) and superscript denotes the direction (pos-
itive transmitted waves from left to right, and positive reflected waves from right to
left).
The reflected intensity for a thick film is the sum of the intensities of each reflected
wave, this is demonstrated in Figure 2.7. This is therefore a far simpler task than for
the coherent case; the consecutive reflected waves can be added to form a series that
needs to be summed to infinity to arrive at the final value [38].
R = R+a + T
+
a R
+
b T
−
a [1 +R
−
a R
+
b + (R
−
a R
+
b )
2 + (R−a R
+
b )
3 + ...]
= R+a +
(
T+a R
+
b T
−
a
1−R−a R+b
) (2.42)
T = T+a T
+
b [1 +R
−
a R
+
b + (R
−
a R
+
b )
2 + (R−a R
+
b )
3 + ...]
=
TaTb
1−R−a R+b
(2.43)
There are a few ways in which this result can be simplified. Firstly, the transmittance
across a boundary in opposite directions are always identical T+a = T
−
a = Ta. And if
there is no absorption R+a = R
−
a = Ra and Ta = 1−Ra.
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Thus the expression for transmittance and reflectance become
R =
Ra +Rb − 2RaRb
1−RaRb (2.44)
and
T =
(
1
Ta
+
1
Tb
− 1
)−1
. (2.45)
However, if there is absorption in either the incident or emergent medium- for example
when this is a thin film of absorbing material, or the material of the thick layer the
reflected intensities at each interface must be calculated in each direction and the longer
expression of Equations 2.42 and 2.43 must be used.
Equations 2.44 and 2.45 allow calculation of the reflectance and transmittance for a thick
freestanding layer such as a substrate. This is useful to confirm the theoretical approach
but for any interesting structure, and certainly for the photonic structures discussed in
this thesis, there are both thick and thin layers present. To deal with this it is necessary
to combine the results from the coherent and incoherent elements.
Supposing that the structure in question has an assembly of thin films deposited at
either or both interfaces of a thick substrate, the correct method for calculation of the
transmittance and reflectance from the structure is to first consider the transmittance
and reflectance from the thin film assemblies using the transfer matrix method. These
values can then be substituted into Equations 2.44 and 2.45 to allow for the incoherent
contributions from each thin film assembly.
2.7 UV-Vis spectroscopy
UV-Vis spectroscopy is an extremely common technique for characterising optical mate-
rials. The operating principle of a typical UV-Vis spectrometer is fairly straightforward,
and yet in the optical materials literature it is surprisingly common to see erroneous
results reported [39], or important results overlooked [32]. UV-Vis spectroscopy plays a
pivotal role in the optical characterisation of the hybrid material, and later the hybrid
containing multilayer structures, so it is sensible to explain the technique.
A schematic of a UV-Vis spectrometer in transmittance mode can be seen in Figure
2.8. One or more lamps are used to generate a white light source that spans the desired
wavelength range. The white light is directed to a monochromator; normally a diffraction
grating, that splits the white light into its constituent parts. It then passes through a
slit of given width in order to select a narrow band of wavelengths. This monochromatic
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beam is then split so it can pass through the sample and the reference before being
detected by two photodiodes. The photodiodes make a measurement of intensity that
is fed into a computer for processing.
The crucial consideration when taking UV-Vis measurements is how to reference the
system; mapping the intensities measured by the photodiodes to a value of transmit-
tance/reflectance in %. In transmittance mode (as shown in Figure 2.8) it is best to
reference the system to air. The absorption coefficient of air is so low that the trans-
mittance through the few centimetres inside the spectrometer is 100%. So after letting
the lamp warm up, the signal is auto-zeroed ; intensity values for R and S beams are
measured across the desired wavelength range. The measurement can then be taken
with the reference left empty and the sample in place. Transmittance is calculated as
T (%) = 100× I
I0
(2.46)
where I and I0 are the intensities of the transmitted signal with the sample in place and
removed respectively.
R
S
Grating Slit Splitter Photodiode
White light source Mirror Photodiode
Computer
Figure 2.8: Schematic of UV-Vis spectroscopy in transmittance mode. R and S refer
to the reference and sample respectively.
Taking a reflectance measurement with a UV-Vis spectrometer presents some technical
issues. The first concerns the geometry of the setup (see Figure 2.9) which requires the
beam to be directed onto the sample surface and only the reflected beam collected. It
is therefore difficult to make the measurement at normal incidence. This is negated by
bringing the beam in at a shallow angle- the reflectance measurements in this thesis are
made at 8◦, so that the incident and reflected beams do not interfere. The effects of
taking reflectance measurements off-normal are dealt with in Section 3.2.1.
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The second issue concerns referencing the system. The ideal scenario would be to use
a broadband 100% reflectance sample as the reference yet in practice this is rarely
available, especially if measurements across a wide wavelength range are sought. A
common solution is to use a metallic reflector such as polished aluminium to reference
the system, yet this also introduces errors into the measurement as the reflectance of
aluminium is slightly lower than 100%, and there is a feature in the reflectance spectra
at 815nm.
It is therefore preferential to reference the system with a material for which the re-
flectance may not be 100% but is known across the desired wavelength range. The
circular nature of this argument can be relieved be choosing a material, such as quartz,
for which the absorbance is extremely low. Under this assumption the reflectance reduces
to
Rquartz = 1− Tquartz (2.47)
and is therefore attainable experimentally. An alternative route would be to use the
well known refractive indices of quartz to calculate the reflectance from two incoherent
air/quartz interfaces.
Taking a reflectance measurement with quartz as a reference requires the UV-Vis spec-
trometer to be configured with the quartz in the S position as in Figure 2.9. Again
the lamp is left to warm up before the signal is auto-zeroed ; intensity values for R and
S beams are measured across the desired wavelength range. The quartz is then re-
placed by the sample and the measurement is taken, with the reference again left empty.
Reflectance is calculated as
R(%) = 100×Rquartz × I
Iquartz
(2.48)
where I and Iquartz are the intensities of the reflected signal with the sample and quartz
in the S position respectively.
All normal incidence transmittance and θi = 8
o reflectance measurements presented in
this thesis are taken using a Shimadzu UV-3600 Spectrophotometer, according to the
procedure described above. An integrating sphere- which has been emitted from Figures
2.8 and 2.9 for simplicity, is used for all measurements.
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Figure 2.9: Schematic of UV-Vis spectroscopy in reflectance mode. R and S refer to
the reference and sample respectively.
2.8 Using reflectance and transmittance of a thin film to
probe its optical constants
Equations 2.28 and 2.29 allow the calculation of the reflectance and transmittance of a
thin film across a given spectral range. Both the reflectance and transmittance oscillate
with wavelength because as wavelength is changed, the phase condition for either re-
flected or transmitted waves is shifted. This is the response of a low-finesse cavity, with
the oscillations analogous to those reported by Fabry and Perot in their pioneering work
on interferometers [7]. Figure 2.10 contains spectra for 500 nm films of n=1.6 and n=1.8.
To understand this behaviour it is sufficient to consider just the transmittance; as it hits
a maxima the film obeys the half-wave condition (for more on this see Section 2.5), it is
as if the film is not there- with transmittance equal to the bare substrate regardless of
the high index coating. Yet at longer wavelengths the transmittance eventually reaches
a minima at which point the film obeys the quarter-wave condition.
The oscillatory transmittance and reflectance spectra that are observed for such struc-
tures are interesting because they offer a way to probe the optical constants of the thin
film. The spectra in Figure 2.10 for 500 nm thin films make it immediately obvious that
the amplitude of the oscillations is greatly increased by going from n=1.6 to n=1.8. This
amplitude is solely dependent of the index of the thin film and the that of the substrate-
which can be measured in advance. The dependence of the amplitude on the film index
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Figure 2.10: Calculated transmittance and reflectance spectra for 500 nm films with
refractive indices of 1.6 and 1.8, on a substrate with ns = 1.5. The spectra oscillate
between a maximum and minimum value, yet for the high index film this amplitude is
much larger. The optical thickness as a function of wavelength is indicated at the three
transmittance maxima of the high index film. The amplitude (Tmax − Tmin) increases
sharply with the index of the thin film (inset), thus providing a powerful way to probe
this optical constant.
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Figure 2.11: Calculated transmittance spectra for 250 nm films with refractive index
nfilm = 1.8 and varying absorption coefficients, on a substrate with ns = 1.5. The
introduction of optical losses has two effects: reducing the absolute transmittance, but
also dampening the amplitude of the transmittance oscillations (Tmax − Tmin). For a
250 nm film with losses of 100 cm−1 the drop in transmittance is < 1%, whereas for if
α = 1000 cm−1 this becomes several %.
(for films on a substrate with ns = 1.5) is shown in the inset of Figure 2.10. This con-
firms the sensitivity of this technique for determining the refractive index of thin films,
yet only if high quality films can be fabricated. The gradient of this graph quantifies
how transmittance amplitude changes with film index. If, for example, the resolution of
the transmittance measurement is ±0.1% then the index can be defined to an accuracy
of ±0.003. Using the oscillatory transmittance spectra of thin films to extract refractive
index is by no means a recent development, papers published by Swanepoel et al. [40–42]
from the 1980s that deal with optical characterisation of amorphous silicon contains all
of the necessary physics.
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It is worth also stating that the period of the oscillations (x direction) is dependent on
the optical thickness of the film nd, this explains why the spectra for the film with n=1.8
is shifted from the n=1.6 spectra, even though the thicknesses are identical.
The oscillatory transmittance spectra calculated for films with zero loss (see Figure
2.10) have transmittance maxima that are coincident with that of the substrate; at
these wavelengths the film is obeying the quarter-wave condition. As optical loss is a
parameter that will be of interest in this thesis it is worthwhile to calculate the effect
this will have on such spectra.
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Figure 2.12: The drop in transmittance (Tsub − Tmax) and reduction in amplitude
(∆T − ∆T ′) for 250 nm films with varying absorption coefficients. To detect optical
losses of 100 cm−1 with this system, transmittance must be measured to an accuracy
of ±0.1%. The absolute drop in transmittance is an order of magnitude larger than the
dampening of the transmittance oscillations.
In Figure 2.12 the calculated transmittance spectra of a 250 nm film (nfilm = 1.8)
with increasing optical loss are plotted. Introduction of losses of 100 cm−1 cause the
transmittance maxima to drop by a few fractions of a percent, most probably difficult
to pick up reliably on a UV-Vis spectrometer, yet if this is increased to 1000 cm−1 the
drop is easily observed. Further increasing the absorption coefficient causes less and less
light to be transmitted by the film, yet it also dampens out the Fabry-Perot oscillations.
This is reasonable as these are a result of interference between multiple passes through
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the film- if the losses are high, then this effect will be minimised. Varying the refractive
index across a range likely for the materials investigated in this thesis has little effect
on the detection of optical losses in this way.
So, the interference dominated transmittance spectra of thin films are sensitive to optical
losses, but what kind of resolution can be expected? Two effects for a lossy material
were described above: the drop in transmittance across the entire spectrum, and the
reduction in amplitude of the transmittance oscillations. Both of these are extracted
and plotted for the same 250nm film (nfilm = 1.8) with absorption coefficient scaled
from 1 to 105 cm−1 (Figure 2.12). Unsuprisingly, as absorption coefficient increases so
does the effects on both indicators, yet Tsub − Tmax is almost an order of magnitude
higher than the reduction in amplitude, ∆T −∆T ′. This shows that the coincidence of
the transmittance maxima with that of the substrate is the key indicator of a low loss
optical film and will therefore be considered when characterising the hybrid material in
Chapter 3.
2.9 Ellipsometry
Ellipsometry is widely used in electronics and optics research to investigate the dielectric
properties of thin film assemblies. An ellipsometer probes the change of polarisation state
when an incident wave is reflected from the sample surface. The measured reflectance
ratio is a function of ψ and δ, the amplitude ratio and phase difference on reflection
where
ρ =
rtm
rte
= tanψ exp iδ . (2.49)
These quantities, however, do not directly lead to the optical properties of the sample.
A model is needed to generate theoretical values of of ψ and δ that are compared to that
obtained experimentally as the optical constants are varied by some iterative method.
The model will look to minimise the difference between theoretically and experimentally
data, arriving at a best estimate for the desired optical constants.
The ellipsometrical characterisation in this thesis is conducted using a J.A. Woollam
variable-angle spectroscopic ellipsometer [43]. The ability to vary the angle of the inci-
dent radiation increases the accuracy of the result, with angles near the Brewster angle
targeted in order to maximise the difference between reflected polarisation states, and
therefore sensitivity of the technique. Ellipsometry tends to be most effective when
the number of desired optical constants is minimised and a reasonable guess of these
constants is already known. Predominantly these are the real refractive index and thick-
ness of a single film deposited on silicon. Silicon is an ideal substrate because its high
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refractive index increases the sensitivity of the reflected wave to the index of the thin
film coating. Its optical propeties are also very well known. A schematic of the basic
operating principle can be seen in Figure 2.13. For more information on the technique-
of which there is enormous quantities, the J.A. Woollam manual and various texts on
the subject are a good place to start.
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Figure 2.13: Schematic of a variable-angle spectroscopic ellipsometer.
Hybrid thin-films were spin-cast on clean silicon substrates (native oxide only) and dried
in air for 7 days prior to ellipsometrical testing. To probe the effect of relative inorganic
content on the materials’ optical properties a range of hybrid recipes were chosen: neat
PVA and 20, 40 and 80 vol%Ti. A range of thicknesses for each material were produced
to test the reliability of the extracted index values. Although the raw ellipsometry data
reveals little more than a hint at the thickness of the film in question, ψ and δ at the
3 incident angles for a sample of each hybrid composition are plotted in Figure B.1 to
demonstrate the agreement between experimental and modelled data.
Chapter 3
Titanium oxide hydrate/PVA
hybrid: high index, low loss,
solution processable optical
material
As described in Chapter 1, there has been considerable interest in the development of
novel materials for optical applications that combine the processability of organics with
the elevated indices of inorganics. Synthesising high refractive index polymers by addi-
tion of highly refractive elements has had some success [17],yet the upper limit of refrac-
tive index is around n = 1.8. The alternative strategy is to incorporate sub-wavelength
nano particles of inorganic material into a polymeric matrix, yet these materials typi-
cally suffer from high losses as light scatters from large aggregates of inorganic material
[31, 44, 45]. Scattering losses usually become significant at moderate to high loadings of
inorganic material, yet this is precisely the regime needed to obtain high index materi-
als. Transparent, high inorganic content nanocomposites require complicated synthesis
routes for both organic and inorganic species [32].
However, a new approach was used by Russo et al. [37, 46] in which amorphous titania
species were used to cross-link PVA to create a molecular hybrid that contained very
high loadings of inorganic material whilst remaining transparent. This chapter is pre-
dominantly a thorough optical characterisation of this material system. It begins with a
description of the one-pot synthesis technique in which aqueous solutions of the organic
and inorganic species are combined. The refractive index in the visible and near-IR is
obtained from transmittance and reflectance spectra using the TMM approach described
in Section 2.8. This is found to be tuneable across the range 1.5 < n < 1.8. The UV
33
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absorption band is investigated and linked to the volume fraction of titania species, as is
the refractive index, demonstrating that the optical properties of the hybrid can be con-
trolled simply by adjusting the relative content of inorganic material. The use of TMM
modelling to find the absorption coefficient of the hybrid material is compared to the
widely used Beer-Lambert approach. The use of transmittance spectroscopy to extract
the materials’ refractive index simultaneously confirms the exceptionally low optical loss
(α < 100cm−1), and excellent quality, of these thin films.
Lastly, the response of the hybrid material to thermal annealing is considered. This
results in a drastic increase in refractive index, pushing the upper limit to n = 2.05, and
placing the hybrid amongst the highest index solution-processable materials reported.
The cause of the index increase is identified as the contraction that occurs due to con-
densation reactions between organic and inorganic species. This drives up the optical
density, and likewise the refractive index.
3.1 The material
The incorporation of titanium into a polymer matrix has been widely investigated
[31, 35, 45, 47] with the intention of producing a high index solution-processable mate-
rial. Normally, some titanium precursor is used to synthesise nanoparticles of TiO2 in
one of its crystalline phases. However, by employing a controlled hydrolysis of TiCl4
titanium oxide hydrates, completely amorphous, and predominantly mono-nuclear, can
be produced. This allows for the production of the hybrid : titanium oxide hydrate cross-
linked PVA. In the following section the experimental techniques used to synthesis the
hybrid are presented.
3.1.1 Production of titanium oxide hydrate solutions
Titanium oxide hydrates (also sometimes referred to as hydrous titanium oxide) are a
class of materials that nowadays attract little attention, merely a stepping stone in the
synthesis of crystalline titanium dioxide (TiO2) from various titanium precursors[48].
They are described as TixOy(H2O) and contain a fraction of Ti-OH groups that can,
by thermal dehydroxilation, by converted to crystalline TiO2.
Available precursors for the production of titanium oxide hydrates include titanium
tetrachloride (TiCl4), titanyl sulfate (TiOSO4) and titanium isopropoxide (Ti(OCH(CH3)2)4).
These precursors are then hydrolysed to give an aqueous solution of titanium oxide hy-
drates, the exact composition of which can be controlled by parameters such as temper-
ature and pH[47].
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Figure 3.1: Hydrolysis of titanium tetrachloride that, under specific conditions, pro-
duces mono and poly-nuclear titanium oxide hydrates. The fraction of chlorine replaced
by OH groups is largely dependent on the pH of the resulting solution.
In this thesis the production of titanium oxide hydrates is exclusively by hydrolysis of
TiCl4 (Figure 3.1). This is a particularly vigorous reaction with OH groups displacing
the chlorine bonded to the titanium that, depending on the conditions, produces mono
or poly-nuclear titanium oxide hydrates. It is also likely that the titanium oxide hydrates
remain at least partially chlorinated, especially when the concentration of TiCl4 in the
hydrolysis reaction is high and therefore the solution highly acidic [47].
If the hydrolysis of TiCl4 is conducted in an uncontrolled manner at room temperature
a milky white solution will be produced. The white colour is a result of scattering from
large scale aggregates of titanium species. By slowing down the hydrolysis reaction; using
a dropping funnel to reduce the flow of TiCl4 to roughly 1 drop per second, cooling it
to ∼ 0oC and vigorously stirring, a clear aqueous solution of titanium oxide hydrates is
produced. These solutions are stable for at least 6 months if stored below 0oC, but the
titanium will begin to precipitate out of the solution if left at room temperature. The
titanium oxide hydrates can also be stabilised by addition of glycerol [46].
The drop in pH that occurs during the hydrolysis of TiCl4 ensures that the titanium
Chapter 3. Titanium oxide hydrate/PVA hybrid: high index, low loss, solution
processable optical material 36
oxide hydrates produced are predominantly mono-nuclear, yet the production of poly-
nuclear titanium oxide hydrates can be encouraged by addition of a water soluble base
such as KOH along with glycerol used to stabilise the titanium species [46]. This can
be tested by addition of zinc, known to oxidise in acidic solutions, thus reducing the
titanium from Ti4+ to Ti3+ and causing a pink coloration of the solution [49]. Polymeric
titanium oxide hydrates, however, result in a blue coloration under the same conditions
[46].
Solid titanium oxide hydrates can be obtained by desiccation of aqueous hydrolysis
solutions of TiCl4. A thin, transparent layer of titanium oxide hydrates can also be
deposited on a substrate by dip coating. Most importantly, wide-angle XRD confirms
that the titanium oxide hydrates remain completely amorphous; there is no detectable
signal at the typical peaks for either anatase or rutile crystalline titanium [46].
3.1.2 Addition of the polymer
The ability of glycerol to prevent aggregation of the titanium oxide hydrates in solution
was the starting point for the selection of a suitable polymer in which to integrate the
titania species. The stabilising effect of the glycerol is attributed to the interaction of its
OH groups with the OH groups of the titanium oxide hydrates, so a polymer rich in OH
groups is the obvious choice. With this in mind PVA (chemical formula [C2H4O]n) was
chosen. PVA is a highly transparent polymer with a single OH group per repeating unit.
A molecular weight of 130,000 g/mol was selected, with 10-12% of the acetate groups
remaining from the hydrolysis of polyvinyl acetate (chemical formula [C4H6O2]n) in
order to improve its water solubility. PVA is a bulk commodity polymer: it is cheap
and readily available, only adding to its suitability.
PVA with a molecular weight of 130,00 g/mol is easily dissolved in distilled water by
heating to < 100oC whilst stirring. Concentrations up to ∼10% can be produced for
this molecular weight, beyond which the solution becomes too viscous to handle with
ease.
The hybrid is synthesised by mixing the two solutions together. The resulting hybrid
solution is always completely transparent, and it remains stable for many hours after
the synthesis. However, if left in solution for several days the interactions between the
inorganic and organic species cause the solution to gel if there is sufficient polymer, or
the inorganic species to precipitate out of solution if the loading of titanium is high.
Unlike its constituents, the hybrid solution has a limited shelf life once synthesised.
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3.1.3 Depositing the hybrid
Once synthesised, the hybrid solution is extremely versatile in as much as it can be
deposited by a wide range of techniques; films have been successfully deposited by spin
coating, bar coating, blade coating and dip coating. Due to the use of water as a solvent,
the drying process can be up to 30 minutes for extremely thick films, yet as low as a
few seconds for thin films. Once dry the films remain completely transparent regardless
of the loading of inorganic material. Observation by eye suggests that the film quality
is good, vibrant colours are observed in reflection; typically indicative of interference
effects inside the film.
Figure 3.2: Photograph of hybrid films deposited on glass slides. Samples 1, 2, 3
and 4 correspond to films with 0.0001, 0.001 0.01 and 0.1 grams of Ti per mole of
PVA respectively. The transparency of the films makes them almost indistinguishable
from the glass, the top of the film on Sample 4 can just be made out as an increase in
reflectance.
The most obvious indication of the cross-linking of the PVA by the titanium oxide hy-
drates is the transparency of the hybrid material once dry, regardless of inorganic loading
(Figure 3.2). In comparison to nano-composite systems widely reported in the literature,
often incorporating TiO2 nano-particles into a polymer matrix, none of the scattering
losses that plague these systems even at modest inorganic loadings are encountered
[31, 50–53].
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1.6× 10−4 mol Ti/g PVA 8.0× 10−3 mol Ti/g PVA
Density 1.26 g/cm3 1.68 g/cm3
Strain at break 34% 0.6%
Young’s modulus 3.70 GPa 4.19 GPa
Table 3.1: Physical and mechanical properties of two compositions of titanium oxide
hydrate/PVA hybrid [46]
Once dry, the hybrid becomes insoluble, not only in water but in a wide range of solvents.
This is perhaps the strongest evidence that the titanium oxide hydrates have cross-linked
the polymer, and thus rendered the resulting molecular hybrid insoluble.
Some previous investigation into the physical and mechanical properties of the hybrid
system conducted by Russo et al. help to give a little more insight into the interaction
between the titanium oxide hydrates and the PVA [46]. The data continued in Table 3.1
identifies some of the changes induced by increasing the inorganic loading of the hybrid
system. Firstly, the density is increased for the higher Ti content materials. This is
unsurprising as titanium- so therefore presumably titanium oxide hydrates, has a higher
density than PVA. Increasing the inorganic loading of the hybrid from 1.6 × 10−4 to
8.0× 10−3 mol Ti/g PVA makes the resulting material much more brittle: the strain at
break drops from 34 to 0.6%. The change of inorganic loading does not have a significant
effect on the Young’s modulus of the material.
3.1.4 A more convenient unit system
In Section 3.1.3 the relative content of inorganic and organic material was expressed
as moles of Ti per gram of PVA. However, the measurements conducted by Russo et
al. allow the calculation of the density and molecular weight of the titania species in
the hybrid as 1.95 g/cm3 and 80 g/mol respectively [46]. This allows the determination
the volume fraction of titanium oxide hydrates in the hybrid material, considered a
more instructive parameter for describing such a widely varying material system. The
composition of the hybrid material will be referred to as X vol%Ti for the rest of this
thesis. The author must stress that the derivation of this conversion was conducted by
a colleague and is merely stated in this thesis, for more information on the origins of the
constants consult [46].
The volume fraction of titanium oxide hydrates can be expressed as
V ol(%) = 100× 46.2C
46.2C + 0.794
(3.1)
where C is the old measure of hybrid concentration in mol Ti/g PVA.
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3.2 Optical characterisation
In Section 3.1.3 the ability to produce transparent hybrid films with high loadings of
titania species was demonstrated. Converting to the new system, these samples span
the range 0.6 to 85 vol%Ti, suggesting that the hybrid system offers a promising route
to low loss materials with high inorganic content, bearing in mind the limitations of
competing nano-composites at much lower loadings of inorganic material [31, 50–53].
3.2.1 The hybrid as a low loss optical material
UV-Vis transmittance spectroscopy was the starting point for assessing the optical losses
of the hybrid system, a detailed description of this technique can be found in Section
2.7. Thin films of PVA, 20 and 80 vol%Ti hybrids, all with identical thickness of 220 nm
were fabricated by spin-casting on quartz, then dried under vacuum for 7 days. Quartz
is used to allow analysis of the transmittance of the hybrid in the UV. The transmit-
tance spectra of these samples, plotted in Figure 3.3, reveal some promising information
about the optical characteristics of the hybrid material. As expected, the PVA sample
has a transmittance spectrum that is very similar to the bare quartz substrate. This
confirms that there is no absorption band in the range 220-1400 nm for PVA. The PVA
transmittance spectrum does, however, oscillate slightly with wavelength, evidence of
coherent interference, yet the amplitude of these oscillations is small as the refractive
index of PVA is only slightly above that of the quartz substrate [54].
The transmittance spectrum of the 20 vol%Ti thin film reveals a considerable drop in
the near-UV, corresponding to an absorption peak centred at 232 nm. There are several
reasons to attribute this to the titanium oxide hydrates: titanium is a well known
UV absorber [55], the absorption band corresponds to that measured for titanium oxide
hydrates in solution (see appendix Figure A.1) and this absorption band is not present for
neat PVA. However, above 350 nm the transmittance oscillates between some minimum
and maximum level, as expected from the thin film theory described in detail in Section
2.8. Most importantly, the transmittance maxima (at 350 and 700 nm) are exactly
coincident with that of the bare substrate; the key indication of a low loss thin film. As
was demonstrated in Section 2.8 this can give an estimation of the upperbound of the
absorption coefficient of the hybrid material, α < 100cm−1 . The increase in amplitude
of the transmittance oscillations indicates an increase of refractive index relative to the
PVA film.
By increasing the inorganic loading of the hybrid to 80 vol%Ti all of the changes de-
scribed above for the 20 vol%Ti film are exaggerated: transmittance in the near-UV falls
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Figure 3.3: Transmittance spectra of PVA, 20 and 80 vol%Ti hybrid films, all with
a thickness of 220 nm, along with the spectra for the bare quartz substrate. Inclusion
of the titanium species results in a strong UV absorption band, and deepening of the
Fabry-Perot oscillations that themselves confirm the production of high optical quality
films. This is, however, not at the cost of the high optical transparency, with no
measurable losses even for the 80 vol%Ti hybrid film.
to ≈ 0% and the amplitude of the transmittance oscillations is again increased. These
indicate that the absorption coefficient in the UV is further increased by raising the
inorganic loading of the hybrid (remembering that a direct comparison is appropriate
due to the thicknesses of the films being the same) and that this is accompanied by a
further increase in refractive index. The most important observation, however, is that
the transmittance maxima are still coincident with that of the bare substrate for the
entire visible spectrum and up to 1400 nm (Figure 3.4), proving that even at extremely
high inorganic loadings, the hybrid does not incur measurable optical losses.
It is also worth emphasising that observation of these interference effects in hybrid thin
films indicates that the film quality is excellent both in terms of their homogeneity, and
lack of scattering from the interfaces. The interference effects that cause the oscillatory
transmittance spectra would be completely destroyed by scattering at the film interfaces,
confirming that the hybrid can be deposited as high quality optical layers. This will be
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Figure 3.4: Transmittance spectra of 80 vol%Ti hybrid films on quartz, highlighting
the coincidence of the transmittance maxima and that of the quartz substrate and thus
demonstrating the low optical losses of the hybrid material.
extremely important for the production of many of the multilayer structures presented
later in this thesis.
So having identified the coincidence of the transmittance maxima with that of the bare
substrate as confirming a thin film cavity with low optical loss, it follows that at all other
wavelengths- where the transmittance is lower, this must be due to increased reflection.
This is easily tested by measuring reflectance and transmittance spectra from the same
samples, and unsurprisingly they are seen to mirror each other. The transmittance
and reflectance spectra for 20 and 80 vol%Ti thin films show clearly that transmittance
minima correspond to reflection maxima and vice versa (Figure 3.8). The real test is to
combine the two spectra to conclude whether there is truly no loss, i.e.
A = 1−R− T = 0 . (3.2)
This, however, only holds when both measurements are taken at normal incidence yet- as
described in Section 2.7, the reflectance measurements presented in this thesis are taken
at 8o to the normal. Increasing the incident angle for the reflectance measurement causes
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Figure 3.5: Absorbance calculated as 1-R-T for 80 vol%Ti hybrid films. The re-
flectance measurements are taken at 8o, causing a shift in the Fabry-Perot oscillations
that is exaggerated for thicker films.
the optical length of the film to change, this in turn causes a shift in the reflectance
spectra. In Figure 3.5 1-R-T is plotted for 3 films of 80 vol%Ti hybrid with varying
thicknesses. As expected this oscillates above and below 0%, with the thick films more
susceptible to this effect due to the reduced period of their transmittance/reflectance
oscillations and therefore their increased sensitivity to angular shifting.
The sensitivity to optical losses of the oscillatory transmittance spectra of thin films is
due to the multiple passes made by successive reflections inside the film, so by increasing
the thickness of the film it is possible to further demonstrate the low losses of the hybrid
material, even at high loadings of inorganic material. For more on the theory behind
this technique see Section 2.8. The transmittance and reflectance spectra of an 80
vol%Ti film with a thickness of 0.5 µm (Figure C.1) does not produce any indication
of measurable losses. Without wanting to seem overly repetitious, again the oscillatory
spectra of a low loss thin film cavity is observed: transmittance maxima equal to that
of the bare substrate. More Fabry-Perot oscillations are present across the visible to
near-IR range, as the optical thickness nd has more than doubled, but the amplitude
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remains unchanged; itself a reassuring result as it indicates that the refractive index is
independent of film thickness.
3.2.2 Refractive index ”window” accessible for the hybrid system
In Section 3.2 the Fabry-Perot oscillations in the transmittance spectra of hybrid thin
films were used to demonstrate the remarkably low optical losses of the hybrid material.
It is the amplitude of these oscillations that can be used to extract the index of the thin
film, and indeed in Section 2.8 the theoretical basis for this is explained. In this section
the oscillatory transmittance spectra will be used to quantitatively analyse the effect of
the inorganic loading on the refractive index of the hybrid material.
A thick film has more complete oscillations over a given wavelength range and so the
thicker the film, the easier it is to accurately define the refractive index. Therefore, when
extracting the refractive index of a thin film it is a case of the thicker the better, yet the
production of very thick films presents its own processing challenges.
A solution to this problem is to consider the spectra of a collection of different thick-
nesses. If plotted together, as in Figure 3.6, the spectra for films with a range of
thicknesses trace out a line of minimum transmittance that is solely dependent on the
refractive indices of substrate and film. This also demonstrates that refractive index
does not depend on film thickness.
An expression for the minimum transmittance can be found [41]:
Tmin =
4n2ns
n4 + n2(n2s + 1) + n
2
s
(3.3)
where n and ns are the refractive indices of the film and substrate respectively. A slightly
cumbersome expression for n in terms of Tmin and ns can then be obtained [41]. Indeed,
if the transmittance spectra for different thickness 80 vol%Ti hybrid films are plotted
together (Figure 3.6) the minima trace out a smooth curve. Indeed, in this way the
refractive index dispersion of a material can be extracted using only the transmittance
spectra of films of varying thickness, and the refractive index of the substrate.
In Section 2.4 the transfer matrix method (TMM) was introduced as a way of, among
other things, calculating the reflected and transmitted intensity of a thin film. Given
that hybrid thin films spanning at least 0 to 80 vol%Ti are essentially lossless, and have
high quality interfaces, the TMM offers a means by which their optical properties can
be extracted.
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Figure 3.6: The transmittance spectra for 80 vol%Ti of varying thicknesses oscillate
between that of the bare substrate and a continuous line of minimum transmittance
(strong black line). The minimum transmittance is solely dependent on the indices of
the substrate and thin film.
The first step of the modeling process is to extract the refractive index of the quartz
substrates. The white light source in the UV-Vis spectrometer has a far shorter coher-
ence length than the several millimetres thickness of the quartz substrates so it is safe
to assume that an incoherent model is appropriate. The effect of optical losses on the
transmitted intensity are taken to be negligible due to the low absorption coefficient of
quartz in the visible to near-IR region [56]. The incoherent model described in Section
2.6 is therefore suitable to fit the transmittance spectra of a cleaned quartz substrate,
an example of which is shown in Figure 3.7. The Cauchy equation is used to generate
the refractive index of the substrate:
n(λ) = an + bn/λ
2 (3.4)
where a is a wavelength independent term, and b describes the index dispersion (λ in
µm).
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For quartz the index is found to be:
nQuartz(λ) = 1.444 + 0.005/λ
2 . (3.5)
Transm
ittance
 (%)
400 600 800 1000 1200 1400
94
93
92
91
90   Wavelength (nm)
MeasuredModelled
Figure 3.7: Measured transmittance of a quartz substrate as compared to that cal-
culated using an incoherent model for two interfaces, with refractive indices as stated
in Equation 3.5.
The modelling of the transmittance spectra for extraction of the optical constants is then
fairly straightforward. The TMM model is run for a film of thickness much larger than
the samples (many microns) with refractive index described using the Cauchy dispersion
relation of Equation 3.4. This spectra is plotted along with the transmittance spectra of
films with varying thicknesses and then the terms of the Cauchy dispersion relation are
manually altered so that the minima of the modelled spectra follows the line traced out
by the minima of the collection of measured transmittance spectra (as in Figure 3.6).
Once the refractive index of the material has been extracted in this way, the thicknesses
of each film can be found by altering the thickness inputted into the TMM model until a
good agreement is found across the visible-IR. In Figure 3.8 the agreement between the
modelled and experimental spectra is demonstrated for films of PVA, 20 and 80 vol%Ti
hybrid, yet this fitting is applied to multiple films for each hybrid composition.
The extracted index values confirm that by addition of titanium oxide hydrates to the
polymer the refractive index can be controlled. Whilst the refractive index for PVA is
just above 1.5, a hybrid material containing 80 vol%Ti has a refractive index above 1.8
(Figure 3.9). This places the hybrid system amongst the highest indices reported for
solution processable materials [21, 33, 44, 51–53, 57, 58]. Furthermore, the refractive
index at any wavelength is linearly related to the inorganic loading of the hybrid. This
is in agreement with the Bruggeman effective-medium approximation [25], in which the
refractive index of a hybrid material changes linearly with volume fraction between
the indices of the constituents. More importantly, the linear relationship demonstrates
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Figure 3.8: Transmittance and reflectance 220nm 0, 20 and 80 vol%Ti hybrid films
on quartz (solid opaque lines) along with TMM calculated spectra (dotted lines). Re-
fractive index values for the calculated spectra can be found in Table 3.2.
an bn
PVA 1.50 0.006
20 vol%Ti hybrid 1.58 0.009
40 vol%Ti hybrid 1.63 0.014
80 vol%Ti hybrid 1.76 0.024
Table 3.2: Cauchy parameters for wavelength dependent refractive index of the tita-
nium oxide hydrate/PVA hybrid (bn in units of µm
−2).
control of the refractive index of the hybrid material, across the range 1.5 < n < 1.8,
simply by changing the inorganic loading.
Not only is the refractive index increased by higher inorganic loading, but also the index
dispersion. This would indicate that the absorption coefficient in the UV is increasing,
something that has already been alluded to and that will be examined in Section 3.2.4.
Refractive index values were also extracted by variable-angle spectroscopic ellipsometry
(fits plotted in Appendix Figure B.1), the results of which matched extremely closely
those found by TMM modelling of transmittance spectra.
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Figure 3.9: Index dispersion of PVA, 20, 40 and 80 vol%Ti hybrids as extracted by
TMM modelling of thin films transmittance spectra, and confirmed by variable-angle
spectroscopic ellipsometry. Increasing the inorganic loading of the hybrid drastically
increases its refractive index, with n > 1.8 for 80 vol%Ti hybrid in the visible spectrum.
3.2.3 A note on the ageing process
The use of water as the solvent for the hybrid material has many benefits, especially
when considering industrial applications, yet it means the drying time is prolonged in
comparison to many other solvents. In Section 3.1.3 the drying process is described as
the time taken for a film to form, and the water to leave. If a film is dip cast on a
high index substrate like silicon wafer this process can be seen in reflection by eye as a
moving rainbow pattern, due to interference effects, with the thickness dropping as the
solvent leaves.
The drying process does not, however, end when a film has been formed. Transmittance
measurements on films at various time intervals after deposition immediately indicate
that the film continues to change over a period of hours and days. This is demonstrated
in Figure 3.10 by the shift in Fabry-Perot oscillations for the same film measured at
various times after deposition. The amplitude is seen to increase; suggesting an increase
in refractive index, but the position of the maxima/minima is blue shifted; suggesting
a contraction. To be clear: the blue-shift indicates a reduction of optical thickness
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Figure 3.10: Transmittance spectra of 42 vol%Ti films aged for 3, 24 and 100 hours
in air and under a vacuum generated by a typical laboratory pump. Ageing the films
causes a contraction and index increase identified by the blue shifting and deepening
of the Fabry-Perot oscillations. The effect is more pronounced for the samples under
vacuum, due to the increased moisture gradient across the film boundary.
nd, the increased amplitude means the refractive index has gone up. Therefore the
relative contraction must be larger than the relative index increase. This ageing process
is attributed to further drying of the films: as water is removed the film contracts and
seemingly undergoes an increase in refractive index. It is therefore unsurprising that
this ageing process is exaggerated when the film is placed under vacuum.
Figure 3.11 shows the time dependent refractive index of 42 vol%Ti films aged in air
and under vacuum. Clearly, the change in refractive index is largest directly after
deposition, this would, of course, be when the moisture gradient across the film/air
boundary would be greatest. Films aged under vacuum reach a higher refractive index
than those aged in air, but there is little change after 3 days regardless of the ageing
conditions. Interestingly, if vacuum aged films are left in air they eventually return to
the same refractive index as air aged films. This indicates that the hybrid is capable of
resorbing water from the air.
The aim of the optical characterisation of the hybrid material is to obtain repeatable
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Figure 3.11: Refractive index at 550nm of 42 vol%Ti films aged for between 1 hour
and 25 days in air and under a vacuum, obtained by variable-angle spectroscopic el-
lipsometry. Refractive index increases sharply over the first few days, then plateaus.
Samples aged under vacuum reach higher refractive indices, yet return to the same level
as those aged in air once removed from vacuum.
refractive index values for the entire material system. This section has shown that
in the time period after deposition an ageing process is occurring that, by removal
of water, causes the hybrid to contract and its refractive index to increase. Whereas
a thorough analysis of the dynamics of this process across the entire hybrid system
is unnecessary it is essential to make sure that these effects do not compromise the
optical characterisation. To this effect, all data presented for un-annealed hybrid films
in Chapter 3 is for samples aged for at least 7 days under vacuum, after which the
changes of thickness and refractive index are minimal.
3.2.4 The hybrid as a UV absorber
The use of titanium oxide hydrates to cross-link PVA produces a hybrid organic/inor-
ganic material that absorbs strongly in the UV, as seen in Figure 3.3. In this section
the UV absorption of the hybrid is quantified, then examined in light of the optical
properties previously extracted ie. the high indices reported in the visible/IR region.
Chapter 3. Titanium oxide hydrate/PVA hybrid: high index, low loss, solution
processable optical material 50
Wavelength (nm)
Transm
ittance
 (%)
240 320 400
60
80
100
40
20
0 240 320 400 240 320 40080%Ti40%Ti20%Ti
Quartz Quartz Quartz
Figure 3.12: UV transmittance spectra of 20 vol%Ti films (220 and 110 nm), 40 vol%
films (175 and 92 nm) and 8 0vol% films (220 and 92 nm) on quartz (solid lines) along
with calculated spectra (dotted lines).
The complex part of the refractive index is extracted by modelling the transmittance of
hybrid films in the UV region, with a gaussian function used to generate the absorption
coefficient values.
As with any modelling of experimental data it is important to reduce the number of
unknowns to a minimum. The thicknesses of the films come from the modelling of the
Fabry-Perot oscillations in the visible-IR, yet the refractive index in the UV is unknown.
The Cauchy dispersion relation (Equation 3.4) that served very well in the visible-IR
explodes at short wavelengths. Conversely, the Kramers-Kronig relation says that in an
absorption band the refractive index will be falling with energy (rising with wavelength)
[59]. Initially, the refractive index will be taken as the value extracted using the Cauchy
equation at 400 nm. The validity of this assumption and its impact on the extraction
of the absorption coefficient will then be addressed.
A Gaussian function for the absorption coefficient of the form
α(λ) = ak exp
(−(λ− bk)2
2c2k
)
(3.6)
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Figure 3.13: Absorption coefficient for 20, 40 and 80 vol%Ti hybrids as obtained by
modelling of thin film transmittance spectra (left). Peak absorption coefficient at 232
nm increases linearly with volume fraction of titanium for the hybrid material (right),
the grey line is added to guide the eye.
is used, where ak is the peak absorption coefficient, bk is the central wavelength and
ck is the standard deviation, controlling the width. The extinction coefficient k is then
calculated using Equation 2.7.
As with the visible-IR modelling, transmittance spectra for films of different thickness
are modelled simultaneously. The ability to model all samples with the same absorption
coefficient spectra is taken as a benchmark for the extraction of reliable absorption
coefficient values. The modelled and measured UV transmittance spectra for the thinnest
and thickest film for each hybrid composition are plotted in Figure 3.12. These excellent
fits are sufficient to prove that the extracted absorption coefficient values are independent
of film thickness; the key criteria for validating the result. The Gaussian parameters
used to fit the UV transmittance spectra are collected in Table 3.3.
The extracted Gaussians for absorption coefficient quantify the increase caused by the
addition of varying loadings of titanium oxide hydrates in the hybrid material. In Figure
3.13 the peak absorption coefficient is seen to increase linearly with the inorganic loading
of the hybrid. This goes some of the way to explaining, qualitatively at least, how the
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ak bk ck
20 vol%Ti hybrid 0.86 232 40
40 vol%Ti hybrid 1.55 235 40
80 vol%Ti hybrid 3.10 240 42
Table 3.3: Gaussian parameters for absorption coefficient in units of 105 cm−1 for 20,
40 and 80 vol%Ti hybrids.
refractive index in the visible-IR is controlled by the loading of inorganic species: the
Kramers-Kronig relation attributes the increase in the real part of the refractive index
with an absorption band at higher energy/shorter wavelength [59].
3.2.5 Determining refractive index in the UV
Having found the absorption coefficient of the hybrid material in the UV it is necessary
to consider the real part of the refractive index as this is still unknown in the UV. The
method of extraction that worked so well in the lossless part of the spectrum is certainly
not going to work when absorbance is dominating the transmittance spectra. In this
situation it is necessary to consider the reflectance from the hybrid in the UV. Taking
a closer look at this data (Figure 3.14) reveals that in the UV the reflectance spectra
for films of varying thickness converge to the same, roughly straight, line. This is most
obvious for the 80 vol%Ti hybrid samples- for which the absorption coefficient is highest,
and is apparent for the thickest samples of the 20 and 40 vol%Ti hybrid. The thickness
invariance of the reflectance suggests that because the UV absorption of the hybrid is
so high, the measured reflectance is equivalent to that from an infinite slab of material.
The optical loss is sufficient to eliminate the contribution from waves reflected from the
film/substrate interface as they would have to travel through at least twice the thickness
of the film, at which point the intensity has effectively dropped to zero.
The expression for the reflectance from an interface, expained in Section 2.2, is
R =
(
N0 −N
N0 +N
)(
N0 −N
N0 +N
)∗
. (3.7)
By substituting in the complex refractive indices of the hybrid film:
N = n− ik (3.8)
and air:
N0 = n0 − ik0
≈ 1
(3.9)
Chapter 3. Titanium oxide hydrate/PVA hybrid: high index, low loss, solution
processable optical material 53
Wavelength (nm)
R
e�
le
ct
an
ce
 (
%
)
250 300 350 400 450
202515105
202515105
202515105 Quartz
Quartz
Quartz
80% Titanium
20% Titanium
40% Titanium
Figure 3.14: The UV reflectance spectra of 20, 40 and 80 vol%Ti hybrid films
(strongest line is thickest film). The reflectance spectra are seen to collapse down
to a single line inside the absorption band, suggesting that the reflectance is dominated
by that from the air/film interface.
an expression for the reflectance from the air/film interface is obtained as
R =
(1− n)2 + k2
(1 + n)2 + k2
. (3.10)
This equation can be manipulated to give the real part of the refractive index in terms
of the extinction coefficient and the reflectance
n = −X ±
√
X2 − (k2 + 1) (3.11)
where
X =
R+ 1
R− 1 (3.12)
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and only the larger of the two values gives an index > 1.
The UV reflectance spectrum of the thickest film for each hybrid composition, along
with the absorption coefficient values reported in Section 3.2.4, are substituted into
Equation 3.11 to determine the real part of the refractive index in the UV (Figure 3.15).
As expected, the refractive index in this region is rising with wavelength. This is in
agreement with the Kramers-Kronig relation, that identifies the absorption band as a
region of anomalous index dispersion [59].
Also plotted in Figure 3.15 are refractive index values calculated by P. N. Stavrinou using
the singularly-subtracted Kramers-Kronig relation [60]. This involves the integration of
the imaginary part of the refractive index- from Section 3.2.4, but also uses a value of
the real refractive index outside of the absorption band. The agreement is best for the
80 vol%Ti hybrid, for which the assumption of an infinite slab of material is most valid.
The agreement is also best at the absorption peak, with the lines diverging at longer
wavelengths. This method would likely yield better results if films of several microns
were measured instead.
Refract
ive ind
ex 2.0
2.2
1.8
1.6
1.4
Wavelength (nm)250 300 350 400 450
 
 
 
 
 
 
 
 
 
80%
20%40%
Figure 3.15: The refractive index of 20, 40 and 80 vol%Ti hybrid films as calculated
from their reflectance spectra (strong line) and singularly-subtracted Kramers-Kronig
analysis. The area of anomalous dispersion is observed for both and absolute values at
the absorption peak are reasonably close- especially for the 80 vol% hybrid.
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Returning to the calculation of absorption coefficient using TMM modeling of the UV
transmittance spectra it is found that using the real refractive index values from both
reflectance and Kramers-Kronig analysis yield results within the error margins of those
reported in Section 3.2.4.
3.2.6 The Beer-Lambert law
In Section 3.2.4 the absorption coefficient of the hybrid was extracted by TMM modelling
of thin film transmittance spectra. At this point it is worthwhile to compare this method
to the Beer-Lambert law, which is widely used to calculate the absorption coefficient
of optical materials. It states that the transmittance falls off as a negative exponential
with the path length travelled through the material. The shape of the exponential is
controlled by the absorption coefficient so that
T = e−αd (3.13)
where α and d are the absorption coefficient and path length- in this case film thickness,
respectively.
This can be easily manipulated to give an expression for the absorption coefficient as
α =
− lnT
d
. (3.14)
The TMM modelling provides an extremely accurate means to extract the thicknesses
of the films so, using the transmittance spectra in the UV, it is now possible to calculate
absorption coefficient. The transmittance falls to a minimum at 232 nm so the trans-
mittance at this wavelength is used to give the peak absorption coefficient. If TMM
modelling cannot be used to extract the thickness of the films, surface profilometry is
normally used instead.
The absorption coefficient, as calculated using the Beer-Lambert law, for 20, 40 and 80
vol%Ti hybrid films of varying thickness is plotted in Figure 3.16. It has been plotted
against film thickness in an attempt to assess the validity of the results. The first
observation is that the results found by the two different methods agree fairly well,
although there seems to be a slight decrease in the Beer-Lambert extracted values as
film thickness increases.
From a theoretical point of view there are two problems with the Beer-Lambert ap-
proach for extracting absorption coefficient of a thin film. Firstly, it is a single pass
model in which the losses are presumed to occur along a distance equal to the thickness
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Figure 3.16: Absorption coefficient as calculated using the Beer-Lambert law vs thick-
ness for 20, 40 and 80 vol%Ti hybrid films. The value extracted using TMM modelling
for each hybrid composition are also plotted as a comparison (dotted lines).
of the film. For a structure in which interference effects are present the measured trans-
mittance signal is the sum of multiple passes through the film. Therefore the distance
over which the losses are incurred will be larger than the film thickness, resulting in an
overestimation of absorption coefficient. The second is that it ignores reflection as a loss
mechanism.
Considering the first point, the question is: can interference effects be ignored? The
obvious observation is that in the UV the transmittance spectra are dominated by the
absorption, and that the oscillations that are present in the visible-IR vanish. Consid-
ering the absorption coefficient values from the Beer-Lambert law to be roughly correct
it is fairly easy to estimate the contribution to the transmittance from the first cycle of
internal reflection inside the film; this has to travel across the film three times as well
as be reflected at both the film/air and film/substrate interfaces. For an 80 vol%Ti film
of thickness 100nm the contribution of this wave to the transmittance is of the order of
10−5%. This indicates that it is safe to ignore the interference effects caused by multiple
passes inside such a strongly absorbing film with d=100 nm.
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The second limitation: that the reflectance from the film and substrate can be ignored,
poses a greater problem for accurate extraction of the absorption coefficient. The re-
flectance from the hybrid films on quartz is around 10%- slightly varying with inorganic
loading, and is independent of film thickness for all but the thinnest films as it is mostly
due to the reflectance from the air/film interface. This reflectance is lumped in with the
absorbance as the total loss of the film: absorbance is taken to be 1 − T whereas it is
actually 1−R− T . It follows that when the thickness is low, the reflectance will make
up a greater proportion of the loss, and for thicker films this effect will be minimised.
This will cause the absorption coefficient to be overestimated for thin films, and tend
towards the correct value as thickness goes to infinity (this, in practice, is limited by
the sensitivity of the spectrometer at very low intensities). Returning to the absorption
coefficients obtained using the Beer-Lambert law, this explains why the values are falling
slightly with thickness.
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Figure 3.17: Absorption coefficient calculated using the Beer-Lambert law (Equation
3.14) on TMM calculated transmittance spectra of 20, 40 and 80 vol%Ti hybrid films
(solid line). The value of absorption coefficient used in the TMM modelling has been
included (opaque line) for comparison.
The Beer-Lambert law appears to provide a reasonably close value of absorption co-
efficient for films between 50 and 200 nm in thickness, but is it correct to ignore the
limitations discussed above for all thicknesses? In Figure 3.17 the TMM has been used
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to calculate the transmittance at 232nm of 20, 40 and 80 vol%Ti hybrid films with ab-
sorption coefficient values as found in Table 3.3. The transmittance was calculated for
films with thicknesses ranging from 1 to 300nm, then the Beer-Lambert law as described
in Equation 3.14 was used to find the absorption coefficient for each thickness. This con-
firms that for the thicker films: d > 150nm, the Beer-Lambert approach is extremely
accurate, and even for films with 50 nm < d < 150 nm the agreement is reasonable.
It is for the thinnest films, for which d < 50nm that the Beer-Lambert law fails, for
these thicknesses a significant overestimation is caused by the fact that reflectance is
ignored and for such thin films this is a large proportion of the loss. The thicknesses for
which the Beer-Lambert approach fails would be different for materials with different
absorption coefficient.
3.2.7 Further remarks on extraction of optical properties when k 6= 0
Now that the refractive index and absorption coefficient are known for the hybrid system-
varying from 0 to 80 vol%Ti, and across the wavelength range 220 to 1400 nm, it is
sensible to reflect on the methods used in Sections 3.2.4 and 3.2.6. This data allows
the calculation of the thickness dependent transmittance, reflectance and absorbance
for hybrid films on quartz substrates using the TMM modelling (as described in Section
2.4). The wavelength of maximal absorption: 232 nm, is chosen to simplify the analysis,
and the data can be found plotted in Figure 3.18.
Considering first the transmittance, it falls from 1−R to 0 as a negative exponential for
20, 40 and 80 vol%Ti films. Unsurprisingly, the transmittance falls off more sharply with
thickness for the 80vol%Ti film than the 20 vol%Ti film, with the transmittance reaching
≈ 0 for a film with thickness of 200 nm, rather than 600 nm, respectively. More inter-
esting is the oscillatory pattern observable on top of the exponential decay, this is due
to the interference effects, those that are ignored in the Beer-Lambert approach. This
effect is more pronounced for a 20 vol%Ti film because the lower absorbance reduces the
damping of the Fabry-Perot oscillations, this also explains why these oscillations disap-
pear as T → 0. The reflectance has some analogous features; oscillations present when
the thickness (and therefore absorbance) is low, then tending to a thickness independent
value as d → ∞. The reflectance for such thick films is simply that from the air/film
interface, given by Equation 3.10, and therefore dependent on the complex index but
not on the thickness. The absorbance, that must always obey A = 1 − R − T , starts
at 0 and tends to 1 − R, with oscillations due to the interference effects observed for
thin films. A slightly counterintuitive result is that the absorbance for a thick film of
20 vol%Ti is higher than for a thick film of 80 vol%Ti, the film can only absorb what is
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not reflected at the air/film interface, so because this is index dependent, the 80 vol%Ti
film absorbs less of the incident radiation at this limit.
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Figure 3.18: Transmittance, reflectance and absorbance of 20, 40 and 80 vol%Ti
hybrid films at λ = 232nm calculated using the TMM for film thicknesses varying from
0 to 500 nm.
The concluding comments about the Beer-Lambert approach for calculating the absorp-
tion coefficient were that it would be an overestimate, as the loss due to reflectance is
not included. This was expected to be more prevalent for thin samples for which the
reflectance will be a larger fraction of the loss. The calculated transmittance values
from the TMM modelling were used to recalculate the absorption coefficient using the
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Beer-Lambert law (Equation 3.14). This indeed concluded that the absorption coeffi-
cient calculated using the Beer-Lambert law is an overestimate when thickness is very
low, but decays down to very near the real value for d > 150nm (Figure 3.17).
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Figure 3.19: Absorption coefficient calculated using the modified Beer-Lambert law
(Equation 3.16) on TMM calculated transmittance and reflectance spectra of 20, 40
and 80 vol%Ti hybrid films (solid line). The value of absorption coefficient used in the
TMM modelling has been included (opaque line) for comparison.
So the errors caused by the use of the Beer-Lambert law to calculate absorption coeffi-
cient are due to its disregard for coherent interference effects, and the reflectance from
the sample, which are combined with the absorbance as the total loss. Whereas the
former issue requires a rather involved modelling technique such as the TMM, there is
a simple way to account for the reflectance. To do this a slight alteration to Equation
3.13 is made, resulting in an expression for the exponential decay of the transmittance
as
T = (1−R)e−αd (3.15)
where R, α and d are the reflectance, absorption coefficient and path length (film thick-
ness) respectively.
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This can be easily manipulated to give an expression for the absorption coefficient as
α =
− ln T1−R
d
. (3.16)
So if both transmittance and reflectance can be measured for a given sample, then this
modified Beer-Lambert approach can be used.
As the thickness dependent values for R and T from the TMM modelling have been
calculated it is possible to test this new adjusted Beer-Lambert approach. In Figure
3.19 is the absorption coefficient calculated using Equation 3.16 where value used for
the TMM modelling has also been included as a comparison. To be clear, the starting
point is the optical constants of the films: α, n and d, these are then used to calculate
the transmittance and reflectance of the film using the TMM. T, R and d are then fed
into Equation 3.16 to find the absorption coefficient. The large overestimation of the
conventional Beer-Lambert approach (see Figure 3.17) has been significantly reduced
for the thinnest films and indeed for d > 50 nm the agreement is very good indeed.
For d < 50 nm there is still the contribution from the interference inside the film and
the effect this has on the real path length yet this is minimal for all but the 80 vol%Ti
films. This approach is particularly useful because it requires no prior knowledge of the
refractive index of the material in the absorbing region, merely the measurement of both
the transmittance and the reflectance from a sample of known thickness.
3.3 Tuning the refractive index by post-deposition thermal
annealing
The optical characterisation in Section 3.2 has confirmed that the titanium oxide hy-
drate/PVA hybrid is an extremely interesting optical material. Its refractive index is
tuneable over the range 1.5 to 1.8, it has exceptionally low optical loss, excellent quality
interfaces and is processable from aqueous solutions. The previous work by Russo et
al. [37, 46], along with other work on similar materials [61], have identified thermal an-
nealing as a route to further increasing refractive index of cross-linked inorganic/organic
hybrid systems, after deposition. This section contains a thorough analysis of the effects
of thermal annealing on the hybrid system, and an explanation of the induced changes
to its optical properties.
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3.3.1 The importance of the annealing conditions
Initially, films of the hybrid were annealed in air to try to induce an increase of refractive
index, yet it was immediately obvious that this process has the side effect of causing
significant optical losses. The films take on a white colour, a typical effect of scatter-
ing, and through the microscope the cause of this scattering is revealed: the annealing
causes the film surface to crack. After annealing in air, the surface of the annealed
film appears like a broken ice sheet, whereas before annealing the surface of the film is
featureless except for the occasional piece of contaminant (dust, hairs etc.). This result
was replicated for hybrid films annealed under vacuum. Whether or not the refractive
index of the hybrid increases during the annealing process, if it is at the cost of inducing
scattering losses it will severely limit its use in photonic structures.
When reporting an increase of refractive index, Russo et al. associated this with a
contraction of the thin films; caused by condensation of the titanium oxide hydrates, and
possibly condensation reactions between the titanium oxide hydrates and the polymer
[46]. It is feasible that this offers an explanation for the cracking of the hybrid films
during annealing; the material is contracting to the extent that the film is breaking up.
If the thermal annealing is inducing condensation reactions in the hybrid then this will
be removing water from the material, yet annealing under vacuum did not manage to
alleviate this problem. It is possible that the contraction of the film during annealing is
not dependent on a sharp moisture gradient across the film/air boundary, and is actually
a result of the thermal energy input. In this case highly saturated humid air may be
able to prevent the cracking of the film by acting as a plasticiser for the hybrid as it
tries to contract.
Humid annealing was achieved by filling the oven with water vapour from an open
beaker of boiling water before the sample was placed inside. The beaker of water was
left inside the oven as the samples were annealed to maximise the amount of water
vapour carried by the hot air. The difference between films annealed in dry and humid
air is visible to the eye; rather than the cloudy white discolouration of those annealed
in air, the films remain transparent, the top surface seemingly still intact when viewed
in reflection. Transmittance spectra of films annealed under the different conditions
illustrate very clearly the ability of water vapour to prevent cracking of the hybrid
material (Figure 3.20). Although there are Fabry-Perot oscillations present for both
annealed samples, the transmittance maxima for dry annealed films are significantly
lower than the transmittance of the bare substrate, whereas for the humid annealed
sample the maxima are exactly coincident with the transmittance of the substrate. As
described in Section 3.2, this confirms the presence of optical losses in the former and
the absence of measurable optical losses in the latter.
Chapter 3. Titanium oxide hydrate/PVA hybrid: high index, low loss, solution
processable optical material 63
Wavelength (nm)
Transm
ittance
 (%)
400 600 800 1000 1200
86
90
94
Transm
ittance
 (%)
86
90
94 400 600 800 1000 1200
As-cast100 ˚C dry anneal
As-cast100 ˚C humid anneal
Figure 3.20: The transmittance spectra of a film annealed in dry air shows the
typical effects of optical losses (shaded area) whereas the humid annealed film does
not: transmittance maxima remain coincident with that of the bare substrate (grey
line).
The TMM modelling that has been so effective in extracting the refractive index and
thickness of hybrid films has previously only been applied when the approximation k = 0
is justified. Bearing in mind the possible pitfalls of this approach (distinguishing local/-
global minima whilst fitting) an attempt was made to fit this transmittance spectra. For
this an expression for the extinction coefficient k is used of the form
k(λ) = Ak +Bk/λ
2 + Ck/λ
4 (3.17)
where the three parameters; Ak, Bk and Ck, are explored to give the best fit to the
experimental data.
To maximise the validity of the extracted optical properties each of the parameters in
Equation 3.17 were altered in turn, whilst keeping the other two at zero. A good fit is
achieved for the lossy spectra using the Bk parameter (i.e. k ∝ 1/λ2). The modelled
and experimental data is plotted in Figure 3.21 along with the extracted absorption
coefficient values. The real part of the refractive index remained the same as for the
as-cast film, yet with a small contraction. Although it is important to tread carefully
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Figure 3.21: The transmittance spectra of a 42 vol%Ti hybrid film on quartz an-
nealed in dry air (top panel). The solid opaque line is the measured spectra whilst the
calculated spectra has also been included as a dotted line. The absorption coefficient
values extracted from the TMM modelling of the same sample (bottom panel).
once thickness, real and complex parts of the refractive index are being fitted to a single
spectra, the author would like to draw some tentative conclusions from the result, namely
that this supports the suggestion that scattering is occurring from sites larger than the
wavelength, ie. Mie scattering. This is based on the fact that k values proportional
to 1/λ2 produce a good fit to the lossy transmittance spectra, and is supported by the
observation of cracking on the film surface [36].
3.3.2 Change in optical properties caused by thermal annealing
In Section 3.3.1 the transmittance spectra of annealed hybrid films are used to demon-
strate that if annealed under humid conditions, they maintain their exceptionally low
optical losses (Figure 3.20, bottom panel). What is also apparent, but was not men-
tioned, is that although the thermal annealing has not induced losses in the film, it has
changed its optical thickness.
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Figure 3.22: Transmittance and reflectance spectra of an 80 vol% Ti film before and
after annealing at 150oC (solid line) with TMM modelled spectra also plotted (dotted
line).
A qualitative examination of the transmittance and reflectance spectra of an 80 vol%Ti
film on quartz, before and after annealing at 150oC, reveals a large increase in refractive
index (Figure 3.22). This can be deduced from the increase in amplitude of the oscil-
lations that at visible wavelengths have at least doubled. Whilst the refractive index
has clearly increased during thermal annealing, the optical thickness nd has dropped.
It is the distance between successive maxima of the oscillations that is a function of
the optical thickness; there are two full oscillations for the as-cast sample whereas after
annealing there is only one. So nd has gone down, but as n is increasing, the relative
drop in d must be even larger.
3.3.3 Post-annealing refractive index
Having developed an annealing technique with which the refractive index of the hybrid
can be increased without inducing measurable optical losses, it is important to quantify
the index values now attainable for the entire hybrid system.
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Figure 3.23: Refractive index at 550nm for 0, 20, 40 and 80 vol% titanium hybrid
films annealed at 100, 125, 150 and 175oC.
TMM modelling of transmittance and reflectance spectra is again used to extract the
refractive index and thickness of the films before and after annealing, in the same way
as that described in Section 3.2. The Cauchy dispersion relation (Equation 3.4) is used
to generate the refractive index, the Cauchy values are all collected in Table 3.4.
Hybrid films are annealed at the as-cast stage; defined as < 6 hrs ageing in air. The
decision to report hybrid films annealed without the ageing process is made in consider-
ation of the future applications of the hybrid material in multilayer structures, for which
a 7 day ageing process for each layer would be unpractical. Nonetheless, the compara-
tive effects of annealing aged and as-cast films are considered later in this section. The
hybrid is not annealed at temperatures above 175oC as this results in degradation of the
polymer. In practice this means that the films become discoloured, first yellow, through
deep red and eventually black. This is a result of formation of conjugated double bonds
in the polymer [62–65].
The fit for the 80 vol%Ti sample, annealed at 150oC is plotted in Figure 3.22 to demon-
strate the validity of the method. As with the aged hybrid data reported in Section 3.2
the refractive indices for annealed films extracted by TMM modelling have been verified
by variable-angle spectroscopic ellipsometry.
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Figure 3.24: Refractive index at 550nm for 0, 20, 40 and 80 vol% titanium hybrid
films annealed at 100, 125, 150 and 175oC
PVA 20 vol%Ti hybrid 40 vol%Ti hybrid 80 vol%Ti hybrid
As-cast an=1.50 an=1.54 an=1.57 an=1.62
bn=0.006 bn=0.010 bn=0.012 bn=0.017
Vacuum aged an=1.50 an=1.58 an=1.63 an=1.76
bn=0.006 bn=0.009 bn=0.014 bn=0.024
100oC an=1.50 an=1.58 an=1.64 an=1.77
bn=0.006 bn=0.011 bn=0.015 bn=0.020
125oC an=1.50 an=1.58 an=1.65 an=1.78
bn=0.006 bn=0.011 bn=0.016 bn=0.024
150oC an=1.50 an=1.59 an=1.68 an=1.83
bn=0.006 bn=0.011 bn=0.017 bn=0.030
175oC an=1.50 an=1.60 an=1.69 an=1.88
bn=0.006 bn=0.012 bn=0.025 bn=0.040
Table 3.4: Cauchy parameters for wavelength dependent refractive index before and
after annealing (bn in units of µm
−2)
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Figure 3.25: Refractive index at 550nm for 0, 20, 40 and 80 vol% titanium hybrid
films annealed at 100, and 175oC with and without pre-ageing under vacuum
The refractive index at 550 nm for hybrid films of between 0 and 80 vol% titanium,
annealed at between 100 and 175oC highlights just how much annealing is able to widen
the refractive index ’window’ accessible for the hybrid system (Figure 3.23). The range
of refractive indices that are accessible is now 1.50 < n < 2.05 at 550 nm. For a single
material system this is an extraordinary range of refractive index, to the knowledge of
the author unparalleled in the literature. The increase of refractive index after annealing
is itself a function of inorganic loading: 80 vol%Ti hybrid films have by far the largest
increase, attaining the headline figures of n > 2, whereas the PVA is unchanged by
annealing. Although it is now steeper, the refractive index still increases linearly with
inorganic loading for all annealing temperatures, as is evident in Figure 3.23.
In Section 3.2.3 the effects of ageing on the optical properties of hybrid films were dis-
cussed; namely that there is a prolonged period of several days after deposition in which
the film is contracting, accompanied by an increase of the refractive index. Whereas
in Section 3.2 it made sense to report the index values for aged hybrid films, the index
values for annealed hybrid films are for films not aged prior to the annealing process.
However, it is important to consider whether this ageing process has an effect on the
optical properties of the hybrid after it has been annealed.
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In Figure 3.25 the refractive index at 550 nm for 80 vol%Ti films annealed after 7 days
ageing in air are compared to those annealed from the as-cast state, with two annealing
temperatures used: 100 and 175oC. For the samples annealed at 100oC there is a small
but measurable difference in the refractive index, especially for 80 vol%Ti films, whereas
for samples annealed at 175oC there is no difference. This hints at an overlap between the
ageing and annealing processes; it has been shown already that both cause a contraction
of the films and increase of refractive index, so the higher refractive index values found
for pre-aged films should perhaps not be all that surprising. In fact, annealing an as-cast
80 vol%Ti hybrid film at 100oC has roughly the same effect as ageing it for 7 days under
vacuum; both treatments resulting in n ≈ 1.8.
It is therefore apparent that the ageing and annealing processes are in some way com-
plimentary, both resulting in a contraction, and subsequent increase of refractive index.
Thermal annealing is much faster, and is capable of inducing larger changes of the opti-
cal properties. A somewhat rudimentary study on the time taken for thermal annealing
to produce suggests that these changes occur extremely quickly, and in the course of
writing a colleague has shown that in fact the time scales the thermal annealing occurs
over is just a few seconds [66].
3.3.4 Contraction of hybrid films during thermal annealing
The thermal annealing process has been shown to dramatically increase the refractive
index of the hybrid material, at the same time causing a significant contraction. When
operating within the thin-film limit, and particularly when fabricating multilayer pho-
tonic structures, the thickness of the film is an optical parameter. Therefore, if annealed
hybrid films are to be integrated into multilayer photonic structures the contraction
must be controlled. This section presents a characterisation of the contraction of hybrid
films caused by thermal annealing.
The thicknesses of the films before and after annealing are obtained by TMM modelling
of their transmittance spectra, according to the methods described in Section 3.2. The
most striking observation when analysing the contraction of the hybrid material during
annealing is how large it can be (Figure 3.26). An 80 vol%Ti film contracts by more than
50% when annealed at 175oC. The size of the contraction explains why hybrid films are
so prone to cracking if the annealing conditions are not correct. It seems remarkable that
the presence of water vapour is effective in limiting the contraction to one dimension, yet
the observation of Fabry-Perot oscillations in the transmittance spectra after annealing
is irrefutable proof that this is the case.
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Figure 3.26: Relative contraction of 0, 20, 40 and 80 vol% titanium hybrid films
annealed at 100, 125, 150 and 175oC. A second order polynomial is fitted for each
temperature to guide the eye, but also to allow calculation of the contraction of any
hybrid composition.
For any given annealing temperature, the contraction follows a parabolic curve when
plotted against inorganic content (Figure 3.26). That the contraction follows a well
defined function for the entire range of hybrid compositions allows the calculation of
the contraction of any hybrid film between 0 and 80 vol%Ti for one of the annealing
temperatures investigated. This will be invaluable for the design of annealed multilayer
photonic structures incorporating hybrid thin films in Section 4.3.2.
3.3.5 Are ∆n and ∆d correlated?
During the process of thermal annealing the refractive index increases as the thickness
drops. The overall effect on the optical thickness nd is for it to be reduced by annealing.
An interesting question is whether there is a relationship between the changes in the
two optical properties: index and thickness.
In an attempt to answer this, and to identify the cause of the index change, the relative
index increase has been plotted against the relative contraction (Figure 3.27). Plotted
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Figure 3.27: Relative index increase vs relative contraction of 0, 20, 40 and 80 vol%Ti
hybrid films annealed at temperatures between 100 and 175oC.
in this way the data follows a clear trend; with ∆n/n rising exponentially with ∆d/d.
But perhaps more important than the shape is the fact that there is a relationship in
the first place, and not just one that holds for each hybrid composition but for the entire
hybrid system.
This suggests that the contraction of the film is in some way driving the increase in
refractive index. It is reasonable to suggest that the density of the material is increasing,
possibly doubling in certain circumstances, yet this ability to contract is unusual in
the solid state and therefore the relationship between contraction and refractive index
remains largely unexplored in the literature. There have been some reports of index
tuning by mechanical compression, for example [67], yet in this particular example the
change is small compared to the hybrid: ∆n = 0.005.
3.3.6 The effect of thermal annealing on absorption coefficient
The ability to anneal hybrid films without inducing optical losses has enabled the ex-
traction of the change in refractive index and thickness by TMM modelling of the
Fabry-Perot oscillations that dominate their transmittance and reflectance spectra in the
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visible-IR region. This has shown that there is a relationship between the contraction
and index increase that holds across the entire hybrid system but what this argument is
desperately in need of is an understanding of if/how the absorption coefficient is changed
by thermal annealing. The reason defining the change in absorption coefficient would be
so useful is that there is a theoretical link between absorption coefficient and refractive
index: the Kramers-Kronig relation.
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Figure 3.28: Schematic of a hybrid film before and after annealing where grey dots are
used to symbolise the titania species, so that after the film has contracted the density
of titania species is drastically increased (top). UV Absorption coefficient of 20, 40
and 80 vol% titanium hybrid films annealed at temperatures between 100 and 175oC
extracted by TMM modelling of transmittance data (bottom panels).
The calculation of the absorption coefficient has been explored at length in Section 3.2.4.
It is therefore only necessary to state that a Gaussian for the absorption coefficient of
the form of Equation 3.6 is combined with the TMM modelling used throughout this
thesis to extract the optical properties of hybrid thin films.
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Figure 3.29: Absorption coefficient and refractive index of 0, 20, 40 and 80 vol%
titanium hybrid films before and after annealing at 150oC
The peak absorption coefficient is increased by the annealing process, as is shown for
all hybrid compositions in Figure 3.28. Given that the refractive index is increased by
thermal annealing, this corresponding increase in the absorption coefficient is predicted
by the Kramers-Kronig relation. Whereas the change for the 20 vol%Ti hybrid is modest,
for the 80 vol%Ti hybrid it is much larger, an observation that for the same reasoning
as given previously is predicted by the Kramers-Kronig relation. It is interesting to note
that, as with the refractive index, the absorption coefficient seems to be roughly the
same for an aged and 100oC annealed 80 vol%Ti hybrid film, if the annealed film is not
aged prior to the heat treatment.
Considering that the films are contracting during annealing the presumption is that the
increase in absorption coefficient is due to the density of titanium species increasing.
This is highlighted in the schematic at the top of Figure 3.28; the amount of titanium
is not changing yet as the thickness is dropping, the density must be going up. This in
turn drives an increase in absorption coefficient.
Collecting together the spectral refractive index and absorption coefficient values before
and after annealing at 150oC (Figure 3.29) the connection between the two optical
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properties is clear. The huge increase in index measured for hybrid films with high
inorganic loadings must be coming from the increase in UV absorption.
3.3.7 What the optical density reveals about the annealing process
Analysis of the UV absorption in Section 3.3.6 has shown that the annealing process
increases the absorption coefficient of the hybrid material. Two possible ways of ex-
plaining this are that either the condensation reactions occurring during the annealing
process are driving up the absorption coefficient, or that the densification of the mate-
rial is enough to cause this significant increase. If the latter is correct then the increase
in UV absorption should be due to an increase in the number of titanium atoms per
length; no titanium is added or taken away so if the thickness halves then the density
of titanium must double.
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Figure 3.30: Optical density, αd, of 20, 40 and 80 vol% titanium hybrid films is
invariant after annealing at temperatures between 100 and 175oC compared to the as-
cast values. This gives weight to the densification of the material as the driving force
behind the increase of absorption coefficient presented in Figure 3.28.
A simple way to test this hypothesis is to compare the optical density before and after
annealing, as α and d are already known for the relevant samples. In Figure 3.30 the
optical density before and after annealing are plotted for the typical hybrid compositions:
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20, 40 and 80 vol%Ti. The 80 vol%Ti presents the sternest test for this hypothesis as
this is where the largest changes in α and d are observed, and- as is clearly shown in
Figure 3.30, whatever the changes in the optical properties during annealing, the optical
density is left unchanged. The invariance of optical density therefore confirms that there
is a reciprocal relationship between absorption coefficient and thickness; any contraction
is matched by an equivalent increase in absorption coefficient. And of course this also
offers an invaluable insight into the controlling the optical properties of the entire hybrid
system: all that matters is the density of titanium species per volume.
To summarise, thermal annealing has the ability to tune the optical properties of the
hybrid inorganic/organic material after it has been deposited, causing a contraction due
to condensation of titanium oxide hydrates, and between the titanium oxide hydrates
and the polymer. This increases the density of titanium in the material, therefore driving
up the absorption coefficient. The higher UV absorption coefficient in turn causes an
increase in the visible-IR refractive index, as predicted by the Kramers-Kronig relation.
Chapter 4
Solution-processed multilayer
photonic structures
The use of photonic structures in optical components is widespread. Whether it is the
narrow band of high reflectance of a DBR, or an antireflective coating (ARC), these
structures are found in many commercially available products. In Figure 4.1 are some
examples of planar photonic structures; a DBR used to reflect only the useful part of
the sun’s radiation onto a solar cell, and an ARC as may be used to boost transmittance
through components such as a photographic zoom lens. There are of course many cases
of photonic structures found in the natural world, some of which are only recently being
understood [68]. A well known example is the reflection from a butterfly’s wings, a result
of 3-dimensional periodicty in the chitin structures of the wing’s top surface [69].
In Chapter 3 the titanium oxide hydrate/PVA hybrid was optically characterised, show-
ing it to be a solution-processable, low loss material with refractive index tuneable
between 1.5 and 2.05. The optical characterisation was conducted by probing the cavity
response of thin films, which simultaneously demonstrates the quality of the optical films
deposited from solution. These points suggest that the hybrid is a promising material
for fabrication of planar photonic structures.
The advantages of solution-processable materials compared to those used for vapour
deposition techniques are mainly a result of the fabrication process. Solution processing
is generally much cheaper- due to lower equipment costs and higher throughput, but also
lends itself much better to large area deposition. Plastics, or organic large molecules, are
the typical material classes used in solution processable technologies, these are abundant
and relatively cheap materials, especially in comparison to inorganics such as III-V
semiconductors. However, the relatively narrow range of refractive indices available
for solution-processable materials has been the main hinderance to their use in photonic
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Figure 4.1: Photonic structures are found in the natural world as well as many
technological applications: a) The brilliant colours of many butterfly species are caused
by 3-dimensional periodic structures in their wings [70], b) Close-up of a wet-etched
vertical-cavity surface emitting laser (VCSEL), the most common planar laser structure
[71], c) Banks of solar cells next to 3M ’cool mirrors’: DBRs used to reflect only useful
radiation onto the solar cell and therefore increase performance [72], d) Demonstration
of an ARC on glass [73].
structures. The vast knowledge base accumulated in industry for the accurate deposition
of inorganic materials by vapour deposition should also not be overlooked as a factor for
their use.
This chapter begins by giving a brief overview of the different routes to photonic struc-
tures from soft materials, evaluating their successes and assessing their limitations. The
suitable materials for production of all solution-processed planar photonic structures are
explored, with a heavy focus on the titanium oxide hydrate/PVA hybrid characterised in
Chapter 3, and also other complementary materials. DBRs, reflecting in both the visible
and infrared, and ARCs are fabricated from solution using the hybrid. These demon-
strate the excellent control of refractive index and sub-wavelength layer deposition that
can be achieved using the hybrid system. The potential for industrial applications are
evaluated, with a focus on the material’s benefits: large area processing and higher
throughput.
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4.1 Photonic structures from soft materials
Photonic structures affect the propagation of light due to their spatial modulation of
refractive index on wavelength scales. These requirements: nanoscale deposition con-
trol and refractive index contrast, favoured the use of inorganics for such structures.
However, there is a burgeoning interest in production of photonic structures from soft
materials, owing to their favourable processability, relative abundance, low cost and
stimuli responsive properties (light, temperature, solvents etc.) [74].
Self-assembly of block copolymers is driven by equilibrium thermodynamics, with the
material favouring the lowest energy state. If the molecular weight of the copolymers is
large enough this can drive phase segregation of the constituents [75] so that, if there is
a contrast in refractive index, a periodic photonic structure is created [76]. There are
two key limitations of such approach: lack of refractive index contrast between block
copolymer phases, and the upper size limit of the domains. The periodicity of block
copolymers increases with their molecular weight. A melt-processed block copolymer
with Mw = 20kg/mol results in periodicities of around 20nm [77]. One can move
towards ultrahigh molecular weight block copolymers but the limitation then becomes
the melt-processing of extremely viscous materials.
Coextrusion is a high throughput processing technique, in which two or more different
plastics are extruded at the same time. Developed more than 40 years ago by the bulk
commodity polymer industry [78, 79], the technique makes use of layer multipliers to
produce photonic structures- normally DBRs, with enormous periodicity (hundreds or
even thousands) to balance the inevitable lack of refractive index contrast between the
two materials. The achilles heel of coextruded photonic structures is the lack of thickness
control once the periodicity is multiplied up to hundreds or thousands of layers; any tiny
initial difference is magnified by this process [80]. Fabrication of photonic structures
by coextrusion is aimed at high throughput and low cost applications that are not
particularly sensitive to the accuracy of the optical properties, although there have
been attempts at using coextruded DBRs to fabricate a polymer laser [81]. Coextruded
polymer reflectors have also been applied to integrated photovoltaic setups, in which
3M’s cool mirror is used to reflect only the part of the solar spectrum useful for a silicon
solar cell [82].
The first two approaches to production of photonic structures from soft materials are
described as top-down, yet there is also an interest in bottom-up techniques. This
normally involves solution processing two materials consecutively on top of each other,
usually by spin coating. Examples include polystyrene (PS) and PVA [83], polyvinyl
carbazole (PVK) and PVA [84], and polymethyl methacrylate (PMMA) and PS [85].
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All require two solution processable materials with orthogonal solvents, and the ability
to reproducibly deposit a desired thickness is the key criteria for production of high
optical quality structures. Whereas thickness control is often somewhat lacking, there
are examples of high quality DBRs fabricated by spin coating of two materials [86].
This is an example of the kind of layer thickness invariance needed for production of
high quality DBRs yet because the two materials- PVK and cellulose acetate (CA), have
refractive indices of 1.68 and 1.48, huge periodicity is needed to achieve high reflectance.
In the case of the PVK/CA system; 35 layers results in reflectance peaking at ≈ 95%
[86]. Doctor blading has also been demonstrated as a means by which to deposit DBRs
from solution [87], in this case using water and ethanol solutions of SiO2 and TiO2, with
particular relevance for large area applications.
A specific advantage of DBRs fabricated from soft materials is that they can be used
as physical or chemical sensors. So called stimuli-responsive photonic structures have
been investigated for a wide range of applications including temperature sensors [88, 89],
chemical sensors [90], pH sensors [91], photochromic [92] and electrochromic photonic
devices [93]. One approach to thermosensitive photonic structures is to embed colloidal
crystals in a themrosensitive polymer [94], this creates a structure with a tuneable
reflectance band that can be observed by eye, yet the temperature range of the device
is somewhat limited (≈ 10oC to 30oC).
4.2 Material choices
Photonic structures control the propagation of light through spatial modulation of re-
fractive index, for more on this go to Chapter 2. The choice of materials for such
structures is therefore informed by the ability to do just that: spatially modulate refrac-
tive index. In practice this means materials for which the refractive index is well defined,
but also those that can be deposited accurately. The photonic structures presented in
this thesis are all planar so in terms of controlling the deposition this simply means the
film thickness. Low optical losses and deposition of films with excellent interfaces are
almost always sought, as without both of these the observation of interference effects is
compromised.
The refractive indices chosen vary depending on the structure, for a DBR the refractive
index contrast ∆n is the primary concern; the wider the desired reflectance band, the
greater ∆n needs to be (see Figure 2.6 and Equation 2.40). Yet for an ARC low index
materials are often needed, or materials with a small index contrast in the case of a
multilayer structure.
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4.2.1 Suitable refractive indices for DBRs
The DBRs presented in this thesis are designed to achieve a broad reflectance band.
This necessitates ∆n being as large as possible, and will therefore play to the strengths
of the hybrid as a high index material.
In Chapter 3 the ability to control the refractive index of the hybrid material was
demonstrated, firstly by inorganic loading, and secondly by post-deposition thermal
annealing. To maximise ∆n the index of the hybrid must itself be maximised, and so it
would seem logical to go for the highest possible inorganic loading. There are, however,
other factors to be played off against the desire for high refractive indices that relate to
the processability of the hybrid. The first is that the higher the inorganic loading of the
hybrid the harder it is to deposit thick films. The second relates to the processing of
the hybrid on the preferred choice of low index material, so to discuss this the low index
material must be first introduced.
Just as the maximisation of ∆n requires a high index hybrid, it also requires a material
with as low a refractive index as possible. Most bulk commodity polymers, such as PVA,
have a refractive index n ≈ 1.5 [54]. There are, however, some commercially available
polymers for which refractive index is as low as 1.3. This immediately increases ∆n
by 0.2, and is why the fluorinated polymer poly[4,5-difluoro-2,2-bis(trifluoromethyl)-1,3
dioxole-co-tetrafluoroethylene] (PFP) was chosen rather than PVA, or other bulk com-
modity polymers. PFP is highly transparent, and capable of producing excellent optical
quality films. The transmittance spectra of a PFP film on glass can be seen in Figure
4.2. An oscillatory pattern is clearly visible, yet it is higher than the transmittance of
the bare substrate as the refractive index of PFP is lower than glass. The spectra is
modelled using the typical TMM approach described in Chapter 3. The Cauchy values
for the refractive index of PFP are found in Table 4.1, these show both the low index
(an = 1.29) and the very low index dispersion (bn = 0.002) and are in agreement with
the values quoted by the supplier [95]. The fitting also confirms that the optical losses
are low, as the calculated spectra uses k=0 and produces and excellent fit. For thin film
applications this suggests that losses will be negligible.
PFP is a fluorinated polymer and is therefore hydrophobic. This presents a process-
ing problem when trying to deposit hybrid films, in an aqueous solution, on the PFP
surface. The hybrid has a propensity to de-wet when deposited on PFP, with high ti-
tanium content hybrids being much more liable to this de-wetting. Systematic studies
concluded that 60 vol%Ti was the highest inorganic loading for which excellent quality
hybrid films can be deposited on PFP without de-wetting. The combination of PFP
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Figure 4.2: Transmittance of a PFP film (solid opaque red line) and the glass substrate
it is deposited on (grey line). The calculated spectra has also been plotted (dotted line)
to show the excellent fit possible using the index values quoted in Table 4.1.
an bn
PFP 1.29 0.002
60 vol%Ti hybrid 1.59 0.010
60 vol%Ti hybrid annealed @150oC 1.71 0.020
Table 4.1: Cauchy parameters for wavelength dependent refractive index of materials
used for DBR fabrication (bn in units of µm
−2)
and annealed 60 vol%Ti hybrid gives a refractive index contrast of ∆n ≈ 0.5, this cor-
responds to a reflectance band width greater than 100nm when it is centred at 600nm,
and compares favourably with conventional III-V semiconductor systems. The Cauchy
values for the refractive index of the 60 vol%Ti hybrid, as-cast and annealed at 150oC,
are also found in Table 4.1. The as-cast hybrid index values are reported as the length
of the ageing process would be an enormous hindrance for the production of multilayer
DBR structures.
4.2.2 Controlling thickness
The optical thickness nd of each individual layer must be well defined in order to produce
a DBR, so although the ability to control refractive index has been demonstrated for the
hybrid and PFP, that is of little use without control of the thickness of the deposited
layers. In Section 3.1.3 the ability to deposit the hybrid via multiple solution processing
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techniques was mentioned, yet testing of these methods revealed that the only one that
affords adequate control of thickness is dip coating.
Dip coating is a solution processing technique that is widely used in industry, often for
coating large, sometimes curved, surfaces. It is capable of depositing excellent quality
thin films, but is relatively uncommon in the solution-processed semiconductor world
due to the relatively large volume of solution needed. As the substrate is withdrawn from
the solution the film is formed at the meniscus. If the withdrawal speed is high, then the
size of the meniscus dragged out of the solution is large, and therefore the thickness of
the dried film is maximised (see the schematic in Figure 4.3). In this way film thickness is
directly controlled by withdrawal speed [96]. Other parameters such as solution viscosity
and solvent boiling point also affect film deposition, the most important point to make
about these is that because the film dries in a vertical position, gravity will causes a
wedge effect- where the film is thicker at the bottom of the substrate, if the film dries
too slowly. This places an upper limit on the thickness of film that can be deposited
from a given solution to give a homogenous layer.
All film thicknesses are extracted optically using the TMM modelling explained in Chap-
ters 2 and 3. In Figure 4.3 are the thicknesses of PFP and 60vol%Ti hybrid films, dip
cast at withdrawal speeds ranging from 10 to 50 mm/min. The thickness data has a
slightly parabolic increase with withdrawal speed, with the relationship dominated by
a linear term, which we can easily fit to give the calibration curve for that particular
solution.
The calibration curves for each solution were obtained from single films dip cast on glass
but as other layers will be deposited on either the hybrid or on PFP, it is essential to
investigate whether the deposited thicknesses are dependent on the deposition surface.
To do this, bi-layers, as shown in Figure 4.4 were deposited and again analysed optically
using TMM modelling. This task is not as arduous as it seems as the refractive indices
of the two materials are already known so it is only the thicknesses that need to be
extracted. This is made even easier by making a measurement on only the first layer,
very close to the beginning of the bi-layer, so that when modelling the bi-layer it is only
the thickness of the second layer that is unknown. Modelling a bi-layer structure blind-
when n and d are unknown for both layers would be extremely difficult. The modelling
of the bi-layer transmittance spectra revealed that the film thickness was not dependent
on the deposition surface for these materials, therefore the calibration curves for single
films should hold for all films in a hybrid/PFP assembly.
In the optical characterisation in Chapter 3 the highest refractive indices of the hybrid
were obtained for annealed films. It would therefore be advantageous (in terms of max-
imising both reflectance and reflectance band width) to use annealed hybrid films as the
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Figure 4.3: Schematic of film deposition by dip coating (top) highlighting the effect
of withdrawal speed on film thickness. Calibration curves for PFP (2wt% in perflu-
orodecaline) and 60 vol%Ti hybrid (1 mol/L Ti and 2 wt% PVA) obtained by TMM
modelling of thin films deposited at withdrawal speeds varying from 10 to 50 mm/min.
high index layer in the DBRs. However, the question is whether thermal annealing has
the same effect on hybrid films in multilayer structures as for single films.
To test this, bi-layer structures (see schematic in Figure 4.4) consisting of a hybrid film
partially covered with a PFP film were again investigated. The transmittance through
the bi-layer and single layer was measured before and after annealing. The spectra were
fitted using the TMM and optical coefficients compared. The results (see table in Figure
4.4) reveal that the contraction and index increase of the hybrid layer are the same for
the exposed part as for the part covered by PFP. This is an extremely positive result
because it suggests that the changes in optical properties extracted for single films will
apply to every hybrid layer in a multilayer assembly. It also means that the annealing
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a) As-cast hybrid/PFP bi-layer b) Hybrid/PFP bi-layer after  175 ˚C anneal
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Figure 4.4: A hybrid/PFP bi-layer was used to examine whether the contraction and
associated index increase caused by thermally annealing the hybrid is compromised
by deposition of PFP on top. Comparison of the covered and uncovered hybrid films
revealed that the changes in nd are identical for both. This opens the door for bulk
annealing of multilayer hybrid /PFP assemblies.
step can be done once the whole structure is deposited, saving time but also limiting
contamination of the structure.
4.3 Solution-processed DBRs
A theoretical description of the DBR is given in Section 2.5. The motivation for de-
positing such structures is primarily to test some of the assertions that have been made
about the optical properties of the hybrid; namely that its index can be controlled across
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a wide range, it has very low optical loss and can be deposited as very high quality op-
tical layers. The periodic nature of the DBR structure is also an excellent test for the
reproducibility of the deposition technique developed for the material. Initially DBRs
reflecting in the visible (λ0 = 600 nm) are investigated.
The DBRs are designed by applying the quarter-wave condition (Equation 2.35), with
λ0 = 600 nm and the respective index values for PFP and the 60 vol%Ti hybrid at 600
nm. Their transmittance and reflectance spectra can then be calculated by imputing
these parameters into the TMM model used extensively in this thesis. The calibration
curves for the respective solutions- as shown in Figure 4.3, are used to calculate the
withdrawal speeds necessary to dip coat the required thicknesses. Each film is dried in
air for at least 30mins before depositing the next layer, and in this way the structure
is grown. The dip coating process causes the structure to be symmetrically replicated
on both sides of the substrate, however, the material on the backside of the substrate is
always removed before optical measurements are made.
The periodicity of the DBR refers to the number of times the hybrid/PFP bi-layer is
repeated. For materials processing reasons the hybrid must be deposited as the first
layer, but is often also used as the final layer- capping the structure with the hybrid
gives a boost to the reflectance of the structure compared to finishing with PFP. For
this reason the periodicity of the structures reported are often given as X.5 periods,
where X is some integer.
4.3.1 As-cast DBRs reflecting in the visible
The initial set of DBRs are designed to reflect in the visible, with a reflection band
centred at 600nm. This will allow for the observation of the blue-shift of the reflectance
band at oblique incidence at visible wavelengths. It is also useful to to be able to observe
the homogeneity of the reflectance from the sample by eye. The design parameters for
the as-cast DBRs are found in Table 4.2, the required thicknesses for the 60 vol%Ti
hybrid and PFP are 93 and 115 nm respectively.
In Figure 4.5 the transmittance spectra for a 6.5 period DBR is plotted. The reflectance
peaks at 547 nm, at which point the transmittance drops to 15%. The presumption
is that R=1-T, meaning the maximum reflectance is 85%. This is addressed in Section
4.3.2, but for now transmittance spectra are used to analyse the DBRs, primarily because
normal incidence measurements are easy to take, and the spot size is far smaller. The
central reflectance wavelength λ0 is blue-shifted by ≈ 50 nm from the desired value of
600 nm. This suggests that the thicknesses of one or more of the materials is lower than
the design values.
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Design λ0 n600nm d nd/λ0
PFP 600 nm 1.30 115 nm 0.25
60 vol%Ti hybrid 600 nm 1.62 93 nm 0.25
Measured (6.5period DBR) λ0 n547nm d nd/λ0
PFP 547 nm 1.30 110 nm 0.24
60 vol%Ti hybrid 547 nm 1.62 80 nm 0.26
Measured (10.5period DBR) λ0 n575nm d nd/λ0
PFP 575 nm 1.30 110 nm 0.25
60 vol%Ti hybrid 575 nm 1.62 89 nm 0.25
Table 4.2: Design parameters for as-cast DBRs centred at 600 nm, using 60 vol%Ti
hybrid and PFP, compared to those measured for the 6.5 and 10.5 period deposited
structures by TMM modelling of their transmittance spectra.
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Figure 4.5: Transmittance spectra of a 6.5 and 10.5 period DBR (solid opaque lines)
with reflectance bands centred at 547 and 575nm respectively. The calculated spectra
(dotted lines) for which the thickness of the layers was extracted is also plotted to show
the quality of the fitting.
The transmittance outside of the reflectance band also says a great deal about the struc-
tures; the smooth interference fringes are typical of a DBR. This is the first indication
that the deposited structures, although slightly mis-calibrated, have extremely uniform
periodicity. The high transmittance outside of the reflectance band also confirms that
the DBRs do not suffer from significant scattering or absorption losses. Again, more on
this in Section 4.3.2.
The simplest way to bring the reflectance closer to 100% is to increase the periodicity
of the DBR. So to investigate the response of higher periodicity DBRs a 10.5 period
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structure, designed with a reflectance band centred at 600nm as before, was deposited.
The transmittance spectra for the 10.5 period structure is found in the right panel of
Figure 4.5. The increase in peak reflectance is immediately apparent; the transmittance
falling to< 5%. At 575 nm, the central reflectance wavelength is also closer to the desired
value of 600nm than for the 6.5 period structure. The other promising indicators for
highly repeatable deposition are again present in the smooth interference fringes outside
of the reflectance band, demonstrating a degree of deposition control often missing for
solution-processed DBRs [83–85].
The TMM modelling that has been so effective in extracting the optical properties of
single thin films can be readily extended to model the multilayer structures presented
here. The theory behind this technique is explained in Section 2.4, it requires the
calculation of the characteristic matrix for the hybrid/PFP bi-layer, which can then be
raised to the power of the periodicity of the DBR to give the characteristic matrix of
the entire structure. The refractive indices of the two materials are well known across
the measured wavelength range so it is only the respective thicknesses that need to be
altered. Importantly, the quoted thicknesses are used for every hybrid or PFP layer, if
there is considerable variance in the thicknesses of the deposited layers, any chirping of
the structure for example, a good agreement between experimental and modelled spectra
will be impossible.
The modelled transmittance spectra are plotted along with the measured spectra in
Figure 4.5 (the Cauchy values for the refractive indices of both materials are as stated in
Table 4.1 and the extracted thicknesses are reported in Table 4.2). The first observation
is the excellent agreement between the modelled and measured spectra. The ability
to achieve this excellent fit across the entire wavelength range is testament to both the
repeatability of the film deposition by dip coating, and the control of refractive index for
both materials. It is especially the ability to fit the interference fringes either side of the
reflectance band that demonstrates the excellent quality of the structure, as these are
sensitive to any chirping. The blue-shift of the reflectance band relative to the design is
explained by the thicknesses extracted from the TMM modelling of the 6.5 period DBR.
The thicknesses of both layers are below the design values, with the PFP coming in at
5% below design and the hybrid layers 14% lower than desired. This mis-calibration
means that the quarter-wave condition is not exactly met for either material. In fact,
nd/λ0 for the PFP and hybrid layers are 0.24 and 0.26 respectively. All of this data is
collected in Table 4.2.
The TMM modelling is also used for the 10.5 period DBR. Again there is an excellent fit
between measured and modelled spectra, further demonstrating the control of refractive
index for both PFP and the hybrid (values reported in Table 4.1) and, as with the
Chapter 4. Solution-processed multilayer photonic structures 88
6.5 period DBR, the repeatability of the deposition process for a 21 layer structure.
Thicknesses are also extracted, and again explain the blue-shift of the peak reflectance
from the desired value of 600nm. The hybrid is closer to the 93 nm value in the design
than for the 6.5 period DBR, coming in at 4% below target, the PFP layers are again
5% lower than desired. This improvement of the calibration means that, to 2 significant
figures, both the PFP and hybrid layers meet the quarter-wave condition.
4.3.2 Thermally annealed DBRs
Thermal annealing has been demonstrated as a way to significantly increase the refractive
index of the hybrid material, enabling the headline figures of n > 2, this is dealt with in
Section 3.3. At the beginning of this section the motivation for using two materials that
maximise the refractive index contrast ∆n for a DBR was set out, informing the choice
of PFP as the low index material and the 60 vol%Ti hybrid as the high index material.
Clearly, the thermal annealing process offers the opportunity to further increase ∆n,
and therefore obtain DBRs with higher reflectance, over a wider range of wavelengths.
In Section 3.3 it was shown that the effects of thermal annealing are not confined to a
change in refractive index; rather occurring along with a considerable contraction of the
hybrid film. It is the optical thickness nd that must be controlled for the fabrication of a
DBR- as stated in Equation 2.35, and therefore it is essential to be able to calculate both
the index increase and contraction that will occur when annealing at a given tempera-
ture. In this way it is possible to work backwards to the necessary deposited thickness,
and from there use the dip coating calibration curve to determine the withdrawal speed
needed.
The presumption being made in this argument is that the contraction and index increase
of the hybrid material will behave the same when annealed as a single film as in a
multilayer structure: interspersed between layers of PFP. To qualify this assumption
hybrid films were annealed as part of a partial bi-layer structure, as shown in Figure
4.4, with the hybrid film deposited first, partially covered by a PFP film. Transmittance
spectra were taken of the single 80vol%Ti hybrid film, and the bi-layer, before and
after annealing at 175oC, and then fitted using the TMM model. The extracted optical
properties confirmed that the change in optical thickness ∆nd for the hybrid was the
same for a single film as for a film covered by a layer of PFP. In the process of this
experiment it was also confirmed that for the PFP, ∆nd = 0, at least for annealing
temperatures up to 175oC.
Confirmation that ∆nd is the same for hybrid films annealed in a multilayer structures
and a single thin film means it is possible to use the data reported in Sections 3.3.3
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Design
Before annealing λ0 n600nm d nd/λ0
PFP 600 nm 1.30 115 nm 0.25
60 vol%Ti hybrid 600 nm 1.62 135 nm 0.36
After annealing at 125oC λ0 n600nm d nd/λ0
PFP 600 nm 1.30 115 nm 0.25
60 vol%Ti hybrid 600 nm 1.77 85 nm 0.25
Measured
10.5 period DBR before annealing λ0 n600nm d nd/λ0
PFP 600 nm 1.30 110 nm 0.24
60 vol%Ti hybrid 600 nm 1.65 135 nm 0.37
10.5 period DBR annealed at 125oC λ0 n593nm d nd/λ0
PFP 593 nm 1.30 110 nm 0.24
60 vol%Ti hybrid 593 nm 1.77 90 nm 0.27
Table 4.3: Design parameters for annealed DBRs centred at 600 nm, using 60 vol%Ti
hybrid and PFP, compared to those measured for the 10.5 period as-cast and annealed
structure. Measured thicknesses are obtained by TMM modelling of transmittance
spectra.
and 3.3.4 to design the as-cast structures needed to produce a DBR reflecting at 600
nm. The design parameters of the as-cast structure can be found in Table 4.3. The
optical thickness of the PFP layers is 115 nm (nd = λ/4 at the post-annealing central
wavelength of 600 nm) whereas the thickness of the hybrid layer is larger than desired
(135 nm), in order to allow for the 37% contraction that occurs whilst annealing at
125oC.
The transmission spectra of a 10.5 period DBR before the annealing step shows, as
expected, the reflectance band centred at 730nm (top panel of Figure 4.6). TMM mod-
elling is used, as usual, to extract the optical properties of the two repeated layers. This
reveals a small reduction from the designed thickness of the PFP, but also that the index
of the hybrid is higher than expected. This deviation is well within the range of indices
expected for the 60vol%Ti hybrid as it ages in air from the as-cast stage, yet gives an
indication of how the processing conditions- including ageing time, can impact on the
optical properties of the material.
The 125oC annealing step produces the expected blue-shift of the reflectance band,
ending up at 593nm (Figure 4.6). As the refractive index contrast ∆n is increasing, the
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Figure 4.6: A 10.5 period DBR before (top panel) and after (bottom panel) annealing
at 125oC. The blue-shift is caused by the reduction of nd for the hybrid layers during
annealing and is pre-designed in so that the quarter-wave condition is met at 600nm
after annealing.
blue-shift is accompanied by a deepening and widening of the reflectance band. The
transmittance is effectively 0% over a 100nm wavelength range, for a structure less than
2µm in thickness, yet climbs to > 80% in the rest of the visible-IR. The characteristic
interference fringes in this high transmittance part of the spectrum are again evidence
of the repeatability of the deposition.
The TMM modelling of the same structure is plotted in the top panel of Figure 4.7
along with the measured transmittance spectra. Without wishing to labour the point,
the agreement is excellent- once again demonstrating the kind of control of thickness and
index associated with inorganics. The bottom panel of Figure 4.7 shows the displacement
fields- calculated by P. N. Stavrinou [97], inside the 10.5 period, annealed DBR at 3
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Figure 4.7: The transmittance of a 10.5 period DBR after thermal annealing at
125oC (top panel). The TMM is used to calculate the expected transmittance spectra,
and an excellent agreement is found, demonstrating the control of layer thickness and
refractive index for the hybrid/PFP system. |D|2 displacement field inside the 10.5
period DBR (bottom) demonstrates the difference for wavelengths in the reflectance
band, as compared to those at the band edge. Fields calculated by P. N. Stavrinou [97].
wavelengths of interest. At 600nm the fields tail off very quickly inside the structure,
hence causing the high reflectance measured in the stop band. At 695nm; the long
wavelength band edge, the fields are localised in the high index regions (dark shaded
sections), whereas at the short wavelength band edge the respective antinodes are in the
low index regions. This is all expected from photonic crystal band theory [13], and gives
a little more insight into how these structures affect the propagation of radiation.
The optical analysis of the solution-processed DBRs has so far relied on transmittance
measurements, for no other reason than ease of measuring at normal incidence, although
it is also a feature of the Shimadzu UV-2600 used for transmittance and reflectance
Chapter 4. Solution-processed multilayer photonic structures 92
Transm
ittance
 (%) 6080
100
40
20
0
R
e�
le
ct
an
ce
 (
%
)
60
80
100
40
20
0
 
 
Wavelength (nm)
300 400 500 600 700 800 900 1000
Figure 4.8: Normal incidence transmittance and reflectance at 8o of a 10.5 period
DBR after thermal annealing at 125oC (design parameters in Table 4.3).
measurements that the spot size is larger for reflectance. It is nonetheless important to
test whether the low transmittance truly correspond to high reflectance values for these
structures, ie. does R=1-T?
In Figure 4.8 are the transmittance and reflectance spectra for a 10.5 period DBR after
annealing at 125oC. Although the reflectance spectra is taken at 8o the blue-shift is
barely noticeable with the reflectance band overlapping nicely in both spectra. In terms
of the absolute values the transmittance drops to 0% whereas the reflectance averages
97% across the reflectance band. A small drop in intensity is expected due to the shift to
8o and the associated polarisation effects but it is possible that this very slight disparity
is due to the presence of some scattering losses in the structure. It is important, however,
to stress that because the spot size for reflectance measurements is so much higher than
for transmittance, any inhomogeneity in the structure will be picked up in the former.
Although the DBRs are fabricated in a clean room, contamination of the structures as
they are being grown is to some extent unavoidable.
4.3.3 Tuning the reflectance band by thermal annealing
Stimuli-responsive photonic structures were mentioned in the introduction to this chap-
ter, and are indeed one of the most interesting advantages of fabricating such structures
from soft materials. Thermo-sensitive DBRs have been reported in the literature [74],
and so given the response of the hybrid/PFP multilayers after annealing it is necessary
to probe their thermal tunability.
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In Section 4.3.2 the response of the hybrid to thermal annealing has been utilised to
produce high reflectivity DBRs. This necessitated pre-designing the reduction in optical
thickness nd of the hybrid layers, and therefore blue-shift of the reflectance band, associ-
ated with the annealing process. From this perspective the change in optical properties
of deposited DBRs is a hurdle to be overcome, yet there are also some interesting ways
this feature can be exploited.
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Figure 4.9: Transmittance spectra of a 5 period multilayer dielectric mirror annealed
a progressively higher temperatures in order to shift its reflectance band by over 150nm.
The position of the reflectance band (bottom left) shifts linearly with annealing tem-
perature as the optical thickness of the hybrid layers drops. ∆λ/λ0 increases with
annealing temperature (bottom right) as the index contrast is increased.
The first advantage to being able to reduce optical thickness nd of just the high index
layers of a DBR after depositing the entire structure is that it allows any deviation from
the design to be corrected by a simple annealing step. A transmittance measurement of
the as-cast structure reveals the deposited thicknesses of the high and low index layers,
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and if nd is too large for the hybrid layer, the annealing temperature necessary to correct
this can be calculated from the data reported in Sections 3.3.3 and 3.3.4.
In Figure 4.9 are the transmittance spectra of a 5 period DBR, deposited according to the
parameters in Table 4.3, and annealed at progressively higher temperatures. This results
in the shifting of the reflectance band by over 150nm; the minimum transmittance is
initially at 730nm but once annealed at 175oC is blue-shifted to 570nm. This enormous
change in reflectance is easily observable by eye, and offers an incredibly useful tool by
which to tune the optical properties of DBRs after deposition.
It is also interesting to consider how the position of the reflectance band shifts with
annealing temperature (Figure 4.9, bottom left). The as-cast structure has been included
at 20oC as it seemed the most sensible way to show the data and indeed the trend for
the structure after annealing traces back perfectly to this point. The trend is linear until
150oC, after which there is little shift observed. Whether this is unique for multilayer
structures is unclear but it is close to the maximum temperatures possible to anneal the
hybrid without inducing optical losses so is fairly acceptable.
In Section 2.5 the width of the reflectance band was shown to be a function of the
refractive index contrast of the two materials. For the hybrid containing DBRs, the
annealing process has the effect of reducing thickness and increasing refractive index of
the hybrid layers. This increases the refractive index contrast, yet as the reflectance
band is blue-shifting it is hard to observe directly the widening. This is due to the fact
that for any two materials the reflectance band width is itself a function of the reflectance
wavelength. However, by plotting ∆λ/λ0 as a function of annealing temperature (Figure
4.9, bottom right) the effects of increasing index contrast become clear. ∆λ is the
full width half maximum of the reflectance band and λ0 is the position of maximum
reflectance.
The tunability of the optical properties of hybrid containing DBRs also offers an interest-
ing application for these structures as irreversible temperature sensors. Once annealed
at a given temperature the DBRs are stable up to that temperature, this has been
tested at 175oC for 24hours. This offers a simple, optical sensor for temperature, giving
a permanent record of the maximum temperature reached by the structure.
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Figure 4.10: Angular reflectance of a solution-processed DBR. Increasing incident
angle causes the reflectance band to be blue-shifted, a hallmark of the DBR. Comparison
of p and s-polarised reflectance spectra reveals some strong Brewster effects, with the
p-polarised signal falling off at high incident angles yet s-polarised spectra remaining
at ≈ 100% in the shifted stop band.
4.3.4 Angular response of solution-processed DBRs
If the reflectance or transmittance of a DBR is probed at oblique incident angles, the
reflectance band will be blue-shifted from its normal incidence position [13]. This phe-
nomenon can be understood by considering the change in path length as the light prop-
agates through the structure, and the effect this has on the phase of each reflected wave.
Measuring the off-normal reflectance from a hybrid/PFP DBR is another opportunity
to test the performance of these solution-processed structures against those fabricated
from conventional inorganics.
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The reflectance spectra (Figure 4.10) are taken using a J. A. Woollam WVASE-32 ellip-
someter, set up to take measurements of both s and p-polarised reflectance. Normalisa-
tion of this system is easier than with the UV-Vis setup as the detector can be swung
right round to take a reference measurement in transmittance mode, before retuning to
take reflectance measurements at a given incidence angle. The ellipsometer is limited to
taking reflectance measurements at or above θ = 15o.
The blue-shift expected from theory is evident for both polarisations: the central wave-
length of the reflectance band λ0 goes from 575nm at 15
o to below 400nm at 75o. The
position of λ0, as well as the first reflectance minima either side of the reflectance band
λ1 and λ2 are plotted for the p-polarised data in the inset of Figure 4.10.
Although the reflectance band blue-shifts for both polarisations the behaviour of the
reflected intensity varies drastically. The p-polarised reflectance falls off to below 40%
at 75o, whereas the s-polarised reflectance remains close to 100%. This is the observation
of a Brewster effect; the difference in reflectance from an interface for the two polarisation
states [38], seen most clearly at angles above 45o and exaggerated by the fact that a
DBR contains many (in this case 21) interfaces.
The measurement of angular reflectance of a solution-processed hybrid/PFP DBR has
confirmed the quality of these structures, recovering a result that is well understood from
photonic crystal band theory [13]. It will be revisited in Section 5.1.1 when considering
the angular response of planar microcavities.
4.4 Infrared DBRs for heat management
The results in Section 4.3 have established the hybrid as material capable of producing
extremely high quality multilayer photonic structures and, because of the exceptionally
high refractive indices possible, being comparable to the leading inorganic photonic
materials. Yet the solution processability of the material means that it naturally lends
itself to large area applications. Add to this its high transparency in the visible and the
possibility of a solution processed infrared reflector become apparent.
Modern building design, with its tendency for glass cladding, results in huge of amount
of energy use for cooling [100]. Whereas the copius amounts of daylight can drastically
improve the working environment, there are parts of the solar spectrum that need not
be transmitted into the building (Figure 4.11, bottom panel). Because the hybrid/PFP
system is highly transparent in the visible, there is the possibility to shift the reflectance
band into the IR, yet keep the transmittance high in the visible. This would be of
interest for heat management applications in which IR reflective coatings could be used
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Figure 4.11: a) A typical modern building is a glass clad steel frame that, whilst
letting in lots of daylight, presents significant heating and cooling problems [98]. b)
AM1.5 solar spectrum at sea level, 37o south [99] highlights the significant amount of
non-visible radiation incident on buildings such as in a).
as a window coating that would let most of the visible spectrum through, yet reflect a
section of the IR that only serves to heat the building. The materials, and the solution
deposition, lend themselves well to such applications for cheap, and large area coatings,
especially when compared to conventional inorganic thin film coatings [101].
4.4.1 Fabrication challenges
The solar spectrum peaks in the visible at around 500nm, and then falls off with wave-
length in the form of a long tail reaching into the infrared. An ideal IR reflector should
therefore have its reflectance band as close to the red end of the visible as possible
(≈ 800nm) in order to reflect the greatest portion of the power irradiated from the sun.
However, there are a couple of other considerations for the design of an IR reflector. The
first concerns the reflectivity of the DBR at oblique angles that, as discussed in Section
4.3, is characterised by a blue-shift of the reflectance band. If the edge of the reflectance
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Design λ0 n1µm d nd/λ0
PFP 1µm 1.29 193nm 0.25
60vol%Ti hybrid 1µm 1.60 156nm 0.25
Table 4.4: Design parameters for as-cast IR DBRs centred at 1000nm, using 60vol%Ti
hybrid and PFP.
band is at 700nm when irradiated with light at normal incidence, then at oblique angles
some visible light would be reflected. In practice this would cause the coating to take on
a red tint when viewed in reflection at grazing angles, and would cause the transmitted
light to take on a blue tint in the same scenario of high incident angle. This is clearly
not desirable, especially for a window coating, and for this reason the reflectance band
is designed centred at 1µm to allow for the blue-shift of the reflectance band at higher
incident angles. Another factor that informed the choice of a reflectance band centred
at 1µm is the effect of atmospheric absorption bands, primarily due to water, on the
solar spectrum at sea level. Two of these are at ≈ 850nm and ≈ 1.15µm, leaving the
irradiated power relatively high at 1µm (Figure 4.11, bottom panel). The other essential
consideration is the next harmonic of the DBR. This must be positioned outside of the
visible spectrum so as not to reduce the transparency of the structure, or give it any
kind of tint. TMM modelling reveals that for a DBR centred at 1µm, with the design
parameters contained in Table 4.4, the next harmonic comes in the UV, centred just
below 350nm, and certainly well out of the visible spectrum.
There is, of course, the possibility that these two effects could be combined to benefit
twice for the same structure. If for example the coating was designed for a plastic window
material such as polycabonate, this UV reflectance band could be used to reduce the
UV degradation of the plastic [102].
The shift of reflectance band to longer wavelengths requires an increase in thicknesses
of both the hybrid and PFP layers, the thicknesses for a DBR reflecting at 1µm can be
found in Table 4.4. The need for thicker films presents a few processing challenges. The
60vol%Ti hybrid solution used for the visible DBRs is not viscous enough to deposit
156nm films. Depositing hybrid layers in two or more dips was explored as a route to
achieving thick films yet this always compromises the quality of the layer. The Fabry-
Perot oscillations in the transmittance spectra of composite thick films get progressively
damped due to losses in the film. It could be speculated that this is the result of scatter-
ing from internal interfaces between each of the individual hybrid layers. Unsurprisingly,
these experiments also confirmed that the error on the thickness of a film deposited from
multiple dips increases.
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Figure 4.12: Calibration curves for different viscosity 60vol%Ti hybrid solutions.
Viscosity is increased by increasing the concentration of the PVA solution from 2 to
4wt%, the concentration of the titanium oxide hydrate solution is 1mol/L for both.
Thicknesses obtained by TMM modelling of thin film transmittance spectra.
Obtaining the required thickness of hybrid films, therefore, seems to require using a
higher viscosity hybrid solution. In Figure 4.12 are the calibration curves for the high
viscosity 60vol%Ti hybrid, as well as for the solution used for the visible DBRs. The
concentration of the titanium oxide hydrate solution is 1mol/L for both, but the concen-
tration of the polymer is increased from 2 to 4wt%. The effect this has on the deposited
thicknesses is enormous. The low viscosity solution can be dip-cast to form films ranging
from 60 to 110nm, for the high viscosity solution this becomes 210 to 490nm. Changing
the viscosity has no effect on the refractive index of the films; further proof that this
is purely a function of the relative volume content of titanium specs to polymer, and
the films maintain the low loss, high quality optical response demonstrated in Chapter
3. Comparing the calibration curve with the design parameters in Table 4.4 shows that
extrapolation of the curve below the slowest dipping speed is necessary, this is not a
problem yet speeds below 3mm/min would not be used as at or around this speed the
process becomes too sensitive to vibrations, as the film is being formed so slowly. It
is worth mentioning that the position of the designed thickness at the lower end of the
calibration curve is no accident. It is repeatedly found that for a given solution, slow
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dipping speeds produce higher quality films. The reasons for this are not entirely clear,
and are of no particular interest in this thesis.
4.4.2 DBRs reflecting at 1µm
The design parameters for a DBR reflecting at 1µm (Table 4.4) were used to fabricate
a 6.5 period structure, following the procedures described for visible DBRs in Section
4.3. After deposition, the samples appeared extremely transparent, only the inevitable
few contaminants and edge effects suggesting that a coating had been deposited on the
glass substrate.
The transmittance spectra of the 6.5 period spectra shows the reflectance band very
slightly blue-shifted from the designed peak at 1µm (Figure 4.13). The transmittance
bottoms out at ≈ 20%, which corresponds to ≈ 80% reflectance. Bearing in mind that
this is only a 6.5 period structure- the hybrid/PFP system has been demonstrated to
produce high quality DBRs with at least 10.5 periods, the reflected intensity could be
increased if necessary.
In Figure 4.13 the transmittance of the bare glass substrate is also plotted to allow a
comparison between the IR-DBR and glass in the visible spectrum. The fringes typical
of a DBR are of course present but these are impossible to pick up by eye in terms of
any kind of tint. They are just too sharp, and too small in amplitude to compromise
the appearance of the sample to the eye. Taking the visible spectrum to be 390-700nm,
the average transmittance of the IR-DBR is 90.6%, whereas for the bare glass substrate
it is 91.7%. This is obviously a negligible drop in transmittance, an extremely positive
outcome if the structure is to be deposited on a window as an IR reflector.
TMM modelling is again used to extract the deposited thicknesses of the IR-DBR. The
calculated and measured spectra are plotted in Figure 4.14, confirming yet again all the
hallmarks of reproducible deposition and control of optical thicknesses of the individual
layers. The deposited thicknesses are very close to those in the design, both contained in
Table 4.5. The characteristic fringes outside of the reflectance band suggest some amount
of detuning, yet for an application in which high transmittance outside of the reflectance
band is required this can actually have a positive effect. In fact, a more sophisticated
IR mirror could employ some kind of chirping in order to make the structure behave as
an anti-reflective coating in the visible spectrum.
The data contained in this section presents a promising application of the solution-
processed DBRs fabricated using the hybrid/PFP system. Although the structure pre-
sented is not optimised, it is merely intended as a proof of principle that exploits the
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Figure 4.13: Transmittance of a 6.5 period DBR reflecting at 1µm. Whereas there is
a large amount of infrared reflected, the transmittance in the visible is comparable to
glass. Design parameters can be found in Table 4.4.
Design λ0 n1µm d nd/λ0
PFP 1µm 1.29 193nm 0.25
60vol%Ti hybrid 1µm 1.60 156nm 0.25
Measured (6.5period DBR) λ0 n980nm d nd/λ0
PFP 980nm 1.30 188nm 0.25
60vol%Ti hybrid 980nm 1.62 153nm 0.25
Table 4.5: Design parameters for as-cast IR DBRs centred at 1000nm, using 60vol%Ti
hybrid and PFP, compared to those measured for the 6.5 period deposited structure
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Figure 4.14: Measured and modelled transmittance of a 6.5 period DBR reflecting
near 1µm. The modelling reveals that both the hybrid and PFP layers are slightly
thinner than designed, resulting in a small blue-shift.
main advantages of the materials and fabrication processes presented in this thesis. Fur-
ther development of these IR-DBRs would include, but not be limited to, deepening
of the reflectance band by deposition of structures with higher periodicity, widening
of the reflectance band by annealing the structure thus taking advantage of the higher
refractive index of the hybrid. Much more investigation is also needed into the optimal
position of the reflectance band, something that would of course depend on the desired
application.
4.5 Anti-reflection coatings for low index substrates
Anti-reflective coatings (ARCs) are one of the most common thin film coatings, used
to reduce reflectance from a wide range of optical components [103]. ARCs can be
deposited on lenses, such as those in reading glasses, to reduce glare, thus making
reading easier on the eye, and also allowing the eyes of the wearer to be seen when
standing in bright light (Figure 4.15). The glass used in picture frames often has an ARC
to allow the picture to be seen clearly, rather than the glare from the light sources in the
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room, especially important in a gallery setting in which the lighting is fairly strong. In
telescopes, zoom lenses and other multi-element optical components ARCs are absolutely
essential, firstly because the losses due to reflectance increase when there are multiple
components, but also because stray light from internal reflections can be a real issue-
the so called ’ghosting’ effect. Finally, ARCs are also used to reduce reflection from non-
transparent optical components. For example the efficiency of conventional silicon solar
cells would be greatly hindered without the use of ARCs; a high index index material like
silicon (nSi ≈ 3.5) would suffer from massive losses due to reflectance (RSi ≈ 31%)[38].
a)
d)c)
b)
Figure 4.15: Examples of ARCs in commercially available products: a) The effect of
a a circular ARC on glass looks like a hole has been cut [73], b) ARCs are routinely
deposited on glasses, enabling the eyes to seen in strong lighting [104], c) A mulit-
component photographic zoom lens would suffer from enormous reflectance losses and
ghosting without ARCs on the individual lenses [105] d) ARCs are essential in boosting
solar cell efficiency [106].
Although ARCs are designed to have completely the opposite effect on a incident light
wave as the dielectric mirrors discussed in Section 4.3, they are reliant on interference
effects in single or multilayer thin film structures. This is combined with the need to
once again control refractive index- often varying it over a wide window to maximise
performance, making vacuum deposited inorganic structures the dominant choice for
ARCs.
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For very similar reasons to those explained for DBRs in Section 4.3, the hybrid presents
a very interesting alternative as it can achieve a wide range of refractive indices, has very
low optical loss and can be deposited to form exceptionally high quality optical layers.
Yet it is the solution-processabiliy that offers a real advantage over the conventional
vapour deposited alternatives, lending itself to cheaper, high-throughput and large area
applications.
4.5.1 Design specifications for anti-reflective coatings
A good starting point for the design of an ARC is the reflectance from an air/material
interface
Rint =
(
n0 − n1
n0 + n1
)2
(4.1)
where n0 is the refractive index of air and n1 is the refractive index of the material (for
which k=0).
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Figure 4.16: The reflectance from a glass substrate (solid line) along with the calcu-
lated spectra (dotted line) using Cauchy values in Equation 4.3
For any non-infinite component there will be two interfaces, here labeled a and b, whose
reflectances (given by Equation 4.1) can be combined to calculate the overall reflectance
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from the component
R =
Ra +Rb − 2RaRb
1−RaRb . (4.2)
The presumption made here is that the distance between the interfaces is large enough
to discount the coherent interference between internal reflections. This is dealt with in
Section 2.6.
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Figure 4.17: The phase change on reflection from a single quarter-wave ARC (left)
and a half-wave/quarter-wave bi-layer ARC (right). The quarter-wave can completely
eliminate reflectance at a given wavelength, yet the bi-layer design is effective at broad-
ening the spectral region for which low reflectance is achieved.
The ARCs presented in this thesis are exclusively designed for low index materials such as
glass. This is of course not the only application for an ARC, with the example of silicon
solar cells given in the introduction. Glass usually has a refractive index somewhere
between 1.45 and 1.55, so using Equations 4.1 and 4.2 it is possible to calculate the
reflectance from a single piece of glass.
The refractive index of the glass used for these samples is given by the Cauchy dispersion
relation where:
nglass(λ) = 1.52 + 0.0015/λ
2 (4.3)
and as usual λ is in µm.
In Figure 4.16 is the calculated, and also measured, reflectance from a piece of uncoated
glass. The reflectance is between 9 and 10%, and is fairly flat across the visible-IR; the
index dispersion in glass is relatively low. It is this ≈ 10% reflectance loss that an ARC
for glass aims to remove. If, for example, a optical component comprising of multiple
lenses is considered it is easy to see how losses due to reflectance would escalate without
ARCs if the reflectance at each component is ≈ 10%.
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ARCs often consist of multiple thin films of different refractive index. Although it
seems counterintuitive that by introducing more interfaces the total reflectance of an
assembly can be reduced, it is the effects of interference between the reflections from
these interfaces that is responsible for the reduction in reflectance. The layers of a DBR
are designed so that the reflections from each interface will combine in phase, yet an
ARC is designed so that reflections from the internal interfaces combine out of phase,
and therefore combine destructively, reducing reflectance.
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Figure 4.18: Single quarter-wave layers as ARCs for glass (nglass = 1.5). The
minimum reflectance (at the wavelength for which the quarter-wave condition holds)
varies with the refractive index of the thin film coating, reaching a minimum at
nfilm =
√
nglass (top panel). The calculated reflectance from such quarter-wave ARCs
on the front side (middle panel) and both sides (bottom panel) of glass. If nfilm = 1.24
the reflectance is eliminated from the glass coated on both sides.
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The simplest ARC is a single quarter-wave layer (defined by Equation 2.35), with re-
fractive index given by
n =
√
ns (4.4)
where ns is the index of the substrate, and the incident medium is air [38].
As is shown in the left diagram of Figure 4.17, the reflections from the two film inter-
faces combine out of phase. If the index is chosen to comply with Equation 4.4 then
the intensities of these reflected waves will be equal and thus there will be complete
destructive interference. This will reduce the reflectance of an interface to zero at the
wavelength for which the quarter-wave condition holds.
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Figure 4.19: Calculated reflectance from a half-wave/quarter-wave ARC design on
the front side of a glass substrate (top panel) and symmetrically coated on both sides
of a glass substrate (bottom panel). The half-wave layer is a 20, 40 or 80vol%Ti aged
hybrid layer, the quarter-wave layer is PFP.
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Figure 4.18 shows the calculated reflectance from a glass interface coated with a quarter-
wave layer (with λ0 = 500nm) of a material with refractive index n=1.24 so as to agree
with Equation 4.4, and the same quarter-wave coating with n=1.35 and 1.45. For the
case of ideal index (n=1.24) the reflectance drops to zero at λ0, but of course at all other
wavelengths the reflectance picks up, and at nd = λ/2 the reflectance is exactly the same
as the un-coated glass. So for an application where the reflectance only needs to be
eradicated at a single wavelength this approach is excellent, yet to produce a broadband
ARC that reduces reflection across the entire visible spectrum a more complex design is
necessary.
A glass substrate with ARCs on both interfaces has two regions of coherent interference,
combining together incoherently as they are separated by a distance larger than the
coherence length. The TMM can be used to calculate the reflectance (and transmittance)
from such a structure by calculating the reflectance of each interface separately, then
using Equation 2.44 to calculate the reflectance of the entire assembly.
To broaden the region of low reflectivity, multilayer ARCs must be considered, yet as
this is a subject on which entire theses are written it is desirable to keep the design as
simple as possible. For a bi-layer ARC it is common to sandwich a half-wave layer of
higher index than glass between the quarter-wave low index layer and the glass itself
[38]. This causes the reflected waves from the two internal interfaces to be out of phase
with the reflected wave from the first interface at a given wavelength (see Figure 4.17).
But it is the reflectance in the rest of the visible spectrum that must be reduced, and at
all other wavelengths the phase conditions are shifted. In order to assess the potential of
this approach the reflectance from such bi-layers has been calculated, with PFP used as
the low index quarter-wave layer, and various different hybrid compositions considered
as the high index half-wave layer.
The spectra for such structures with 20, 40 and 80vol% titanium hybrid as the high index,
half-wave layer are plotted in Figure 4.19. Firstly, it is clear that employing a bi-layer
design does indeed lead to a broader region of low reflectance. The comparison between
varying inorganic loadings of the hybrid layer- and therefore varying refractive index,
reveals that the 20vol%Ti hybrid is most effective at broadening the low reflectance
band, without causing a significantly higher reflectance across the visible spectrum.
By repeating the same bi-layer structure on both sides of the glass, that is a symmetrical
coating design, much of the reflectance from the back surface is removed. In the bottom
panel of Figure 4.19 the calculated reflectance for this structure coated symmetrically
on both sides shows that this approach brings the reflectance below 1% for most of the
visible spectrum.
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an bn
PFP 1.29 0.002
20vol%Ti hybrid 1.58 0.009
Table 4.6: Cauchy parameters for wavelength dependent refractive index of materials
used for ARC fabrication (bn in units of µm
−2)
Design λ0 n510nm d nd/λ0
20vol%Ti hybrid 510nm 1.61 158nm 0.50
PFP 510nm 1.30 98nm 0.25
Measured λ0 n510nm d nd/λ0
20vol%Ti hybrid 510nm 1.61 155nm 0.49
PFP 510nm 1.30 110nm 0.28
Table 4.7: Design parameters for symmetrically deposited bi-layer ARC along with
measured values extracted from TMM modelling.
The calculated spectra presented in Figure 4.19 indicate that PFP and 20vol%Ti hybrid
are suitable materials for a bi-layer ARC. It may be useful to have the Cauchy parameters
for the refractive indices of these two materials for easy reference so these can be found
in Table 4.6.
4.5.2 Bi-layer broadband anti-reflective coating for glass
The design parameters for the bi-layer ARC comprising of half-wave 20vol%Ti hybrid
layer then a quarter-wave PFP layer are displayed in Table 4.7. Dip coating is used
to deposit both layers, so as to give the necessary control of thickness. The fabrication
techniques described in Section 4.3 for DBRs are used again, with > 30mins drying time
allowed after the hybrid layer is put down. Calibration curves for the two materials are
produced in the same way as that described in Section 4.2.2, so that the necessary
withdrawal speeds can be extracted. To compare the symmetrical coating on both sides
of glass with the same coating only on the front side, the back side of the substrate is
partially cleaned, as was done for all of the DBR measurements.
The reflectance of the bi-layer coating on the front side of the glass substrate is signif-
icantly lower than the un-coated glass for a large part of the visible spectrum (Figure
4.20). Taking the visible spectrum as the region 390-700nm the bi-layer ARC reduces the
average reflectance from 8.3 to 4.7%, a reduction of 43%. The reduction in reflectance
is also fairly flat across the visible, certainly more so than would be achieved for a single
quarter-wave layer. There is a slight increase in reflectance at the blue end of the visible,
but the sample does not seem strongly tinted when viewed by eye.
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Figure 4.20: The reflectance from a bi-layer ARC on the front side of a glass substrate,
and symmetrically coated on both sides of a glass substrate. The reflectance spectra of
an un-coated piece of glass is also plotted as a comparison.
As described above, the use of dip coating for the photonic structures in this thesis is
chosen because it offers the best control of thickness, and the best film quality, of any
solution processing technique. One downside of dip coating is that it always deposits a
film on the backside of the substrate that has to be removed before testing, unless, of
course, it is a symmetrical film assembly that is sought. By making sure the substrate is
withdrawn vertically from the solution, any deposited structure is symmetrically repli-
cated on the backside. Dip coating a structure symmetrically on both sides of a substrate
is therefore actually easier than a single coating, offering another processing advantage
over conventional vapour deposition methods.
The reflectance of glass with the bi-layer ARC on both interfaces is far lower than with
just the front interface coated (Figure 4.20). The shape of the reflectance spectrum is
similar to the single coating, yet the problem of reflectance from the backside is clearly
addressed by adopting a symmetrical design. The average reflectance across the visible
drops to 1.1% for the symmetrical ARC, a reduction of 87%. This is a remarkable
reduction in reflectance, especially considering that a little optimisation would push the
average reflectance down even further. What makes this result especially interesting
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Figure 4.21: The reflectance from a bi-layer ARC coated symmetrically on a glass
substrate (solid opaque line) along with TMM calculated spectra suing the parameters
in Table 4.7. A photograph (inset) of a glass slide with the ARC coating (right) clearly
shows the reduction of reflectance achieved.
is that the materials used, and the deposition technique, lend themselves to large area
applications at much lower cost than the current alternatives.
To assess the accuracy of the fabrication process the reflectance spectra of the bi-layer
ARC was modelled using the TMM technique used throughout this thesis. The index
values of both the 20vol%Ti hybrid and the PFP were held constant- there is no reason to
suggest that these will vary from the values extracted in Chapter 3, whilst the thicknesses
of the two layers were varied. The symmetry of the structure was, however, maintained
as otherwise the number of variables would make it difficult to optimise the fitting. The
extracted thicknesses can be found in the bottom part of Table 4.7, and the quality of
the fit is shown in Figure 4.21 as the dotted line. The slight increase of reflectance at
the blue end of the visible can now be attributed to the PFP thickness being around
10% higher than the design. This is almost certainly a calibration issue as the PFP does
not suffer from any kind of ageing process as with the hybrid films.
A photograph of the ARC half covering a microscope slide (inset of Figure 4.21) reveals
just how effective it is at eliminating reflectance. In comparison to the uncoated glass
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slide on the left there is very little light reaching the camera from the coating, with the
texture of the black fabric below most clearly visible.
In conclusion, an extremely simple approach to an ARC design results in a structure with
only a two step fabrication process that removes 87% of the reflectance from glass in the
visible spectrum. The reflectance would be further reduced by some simple tweaks to the
calibration that would make the reflectance even flatter across the visible, not that there
is any observable tint for the reported structure anyway. The use of solution-processable
materials naturally lends this approach to large area, high throughput applications.
Chapter 5
Optical microcavities
Optical cavities are resonatant structures that cause electromagnetic radiation to be
spatially confined [107]. A planar Fabry-Perot cavity achieves this with two high reflec-
tivity surfaces separated by a spacer layer. Inside this spacer layer a standing wave forms
due to interference between waves travelling in opposite directions. A microcavity, so
called as its cavity length is often only a few microns, works by a similar principle, with
the frequency of the cavity mode determined by the thickness of the cavity layer. At
this frequency- or ’cavity mode’, the structure becomes highly transmissive, regardless
of the reflectance of the individual mirrors. The confinement time is quantfied by the Q
factor of the cavity. Because of the reduced dimensions of the microcavity, it is possible
to place an emissive material directly at an antinode of the electric field, and thus en-
hance the coupling of the light and matter states. The underlying physics of microcavity
structures has been the subject of intense interest over the last few decades, leading to
devices such as the resonant cavity light emitting diode (RCLED) [108–111] the vertical
cavity surface emitting laser (VCSEL) [112–114] and intriguing results concerning the
entanglement of matter and radiation in the quantum regime [115].
If an active optical material- that is a material that emits at or near the fundamental
cavity mode, is placed inside the cavity its emission can be suppressed or enhanced
through coupling to the optical mode [116]. In this state the system is said to be
coupled, with energy oscillating between the photon and exciton modes. This situation
is analogous to the coupling of two connected springs in classical mechanics, now usually
relegated to the exercises in textbooks [117]. The coupled photon and exciton are known
as a polariton, and can be observed spectrally as an anti-crossing between the two modes
[118]. In practice this is observed as the photon mode shifts through resonance when
reflectance from the microcavity is measure across a range of angles. The ability of
microcavities to control not only the intensity but also the direction of emission from a
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coupled active material has been widely reported in the literature [111, 119]. Conversely,
similar optimisation has been achieved for detectors; enhancing the in-coupling of light
by making use of a microcavity structure [120–123]. The polariton laser is another
application of coupled light-matter states in a micocavity, attracting much attention over
the last two decades for its promise of ultra low threshold lasing at room temperature
[124–126]. Coupled microcavity systems can be placed in two regimes; weak and strong
coupling. Strong coupling involves the coherent exchange of energy between the light and
matter states, and has been reported for inorganic [127–129] and organic [118, 130, 131]
microcavities. The weak coupling regime has however let to important technological
breakthroughs such as the RCLED [108–111].
In this chapter passive and active microcavitites are presented that are grown entirely
from solution using the materials and fabrication techniques discussed in Chapters 3 and
4.
5.1 Solution processed passive optical microcavities
The schematic in Figure 5.1 highlights the basic operating principle of a microcavity.
Energy, in the form of an electromagnetic wave, is being cycled backwards and forwards
across the cavity by reflective elements marking its edge. The reflected waves travelling
in opposite directions across the cavity interfere to form a standing wave. A microcavity
is to light what a tuning fork is to an acoustic wave.
A practical implementation of an optical microcavity is found on the right of Figure 5.1.
Here the mirrors are DBRs (see Chapter 4) and the cavity length, that is ndcav, is given
as an integer number of half wavelengths (Equation 5.1). This condition holds for any
standing wave be it mechanical, optical, acoustic etc. It must be noted that this is by
no means the only way to design a microcavity, sometimes it is preferential to replace
one [118, 130, 132], or both [133], of the DBRs with metallic mirrors. However, the
requirement for a cavity layer of only a few wavelengths is very difficult, therefore the
use of DBRs has been extremely important for developments in the field.
L =
λ0
2ncav
p p = 1, 2, 3... (5.1)
Several techniques have been investigated for fabrication of optical microcavities from
solution. Scalable layer assembly of transparent utility rubbers: polydimethylsiloxane
and polystyrene-polyisoprene, in which a bilayer of the two rubbers is spin cast, with the
periodicity increase either by a cut and stick method, or by rolling and releasing the entire
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a) Microcavity operating   principle: b) Vertical microcavity  between 2 DBR stacks
Figure 5.1: a) Schematic showing the basic operating principle of a microcavity:
light cycling between two reflective surfaces and b) the common planar microcavity
structure in which DBRs are used as reflectors and the cavity length is a multiple of
half-wavelengths.
structure [134]. Although this results in a stretch-tunable structure, the lack control of
layer thickness, and small difference of refractive index between the two rubbers, limits
the application of this technique for precise optical structures. Several attempts at spin
cast microcavities using orthogonal solvents have been reported [135, 136]. Deposition
by spin coating lacks the high level of thickness control needed for a microcavity and
again the small index contrast between the materials is a hindrance. Flexible DBRs
fabricated by co-extrusion of two polymers [80] have also been used to produce an
optical microcavity from soft materials [137].
To arrive at a design for a microcavity using hybrid/PFP DBRs to sandwich a cavity
layer, the wavelength of the fundamental cavity mode must first be chosen. This dictates
the thickness of the cavity layer, along with the harmonic of choice (λ/2, λ, 3λ/2 etc.).
Lastly, the wavelength of the cavity mode can be used as the Bragg wavelength to design
the DBRs, to be grown before and after the cavity layer is deposited. As with the DBRs
in Chapter 4, consideration must be given to the index contrast ∆n and periodicity of
the microcavity design.
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Material na nb d nd/λ0
DBR high index 60 vol%Ti hybrid 1.59 0.010 93 nm 0.25
DBR low index PFP 1.30 0.002 116 nm 0.25
Cavity layer 60 vol%Ti hybrid 1.59 0.010 372 nm 1.00
Table 5.1: Design parameters for as-cast microcavity centred at 600 nm, using 60
vol%Ti hybrid and PFP for the DBRs, and 60 vol%Ti hybrid as the cavity layer.
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Figure 5.2: The transmittance spectra of an all solution-processed optical microcav-
ity. The cavity mode is visible as a large spike in transmittance in the middle of the
reflectance band of the 6 period PFP/60 vol%Ti Hybrid DBRs sandwiching the cav-
ity layer. The cavity layer is designed so that the optical thickness ndcav = λ where
λ = 600nm.
The design parameters for an as-cast microcavity with optical mode at 600nm are col-
lected in Table 5.1. The refractive indices are taken from the optical characterisation
in Chapter 3, and have been reproduced in multilayer photonic structures in Chapter 4.
As with the DBR fabrication, the entire structure is dip-cast from solution. Calibration
curves are produced for each material, allowing the withdrawal speed for the desired
thickness to be calculated. The cavity layer requires a much thicker deposition and,
as with the infrared DBRs in Section 4.4, deposition by a single dip is preferred over
multiple dips in order to maximise layer quality and thickness control. This requires a
more viscous hybrid solution, easily achieved by increasing the PVA concentration from
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2 to 4 wt% (the titanium oxide hydrate solution is kept at 1 mol/L). Each layer is left
to dry in air for > 30mins, with the cavity layer left for > 120mins.
The transmittance spectra of an all solution-processed microcavity is plotted in Figure
5.2. The cavity layer is designed so that the optical thickness ndcav = 600nm. Although
the transmittance drops to < 5% in the reflectance band of the DBRs, it peaks at
> 70% at the resonant wavelength of the cavity mode. This is found to be ever so
slightly blue-shifted from the designed wavelength of 600 nm.
Outside of the DBR reflectance band there are some oscillations present in the transmit-
tance spectra, yet these do not quite trace the smooth shape seen for many of the DBRs
(for example see Figure 4.8). This indicates some de-tuning of the DBRs, not enough
to destroy the microcavity effect, yet an indication that the increased complexity of the
structures introduces some fabrication challenges.
5.1.1 Angular response of a passive microcavity
When discussing the DBRs presented in Section 4.3 the angular response was probed as
a key characteristic of these structures. Changing the incident angle changes the phase
change on traversing each of the layers, therefore shifting the reflectance band, along
with the rest of the spectra. For a more in depth discussion of the angular response
of a microcavity see [119]. It is sensible, therefore, to check that a similar blue-shift of
the cavity mode is induced by measuring reflectance or transmittance across a range of
incident angles. Tuning of the cavity mode will also be used to probe the coupling of
said photon mode with the exciton of an active material in Section 5.2.
A microcavity consisting of 6 period DBRs (60 vol%Ti hybrid and PFP) sandwiching
a λ cavity layer (60 vol%Ti hybrid) was used to investigate the angular response. The
design is almost identical to the microcavity discussed in the previous section, yet with
the cavity mode shifted to 570 nm. Transmittance is chosen rather than reflectance to
ensure the same spot is measured at all angles; an ellipsometer is used for these angular
measurements so a normal incidence reflectance measurement is not possible.
The transmittance spectra at 15o intervals for both polarisations are plotted in Figure
5.3 where the spectra have been offset to allow easy comparison of the cavity mode
position. The blue-shifting of the cavity mode is very clearly observed (Figure 5.4),
near normal incidence the change of cavity mode with angle is low, increasing at higher
incidence angles. This is of course expected as the cavity mode position is a function of
cosθ [111, 119].
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Figure 5.3: Transmittance spectra of a passive microcavity at incident angles varying
from 0 to 60o. Increasing the incident angle causes the expected blue-shift of the cavity
mode.
5.1.2 Annealed passive microcavity
In Section 4.3.2 thermal annealing was used to increase the refractive index contrast of
a DBR, thus inducing an increase in reflectance across a wider range of wavelengths.
In the context of an optical microcavity, annealing provides the opportunity to increase
the reflectance of the DBRs, and therefore the finesse of the cavity [107].
However, as was discussed for the thermally annealed DBRs, there are fabrication issues
to overcome. The contraction and index increase that occur for the hybrid as it is
annealed have to be pre-designed in, to allow for the appropriate optical thicknesses of
each layer to be obtained after the entire structure is annealed . Design parameters
for the annealed microcavity are found in Table 5.2, these are then used to work back
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Figure 5.4: The angular dependence of the cavity mode of a passive hybrid micro-
cavity measured in transmittance.
As-cast Material na nb d nd/λ0
DBR high index 60 vol%Ti hybrid 1.59 0.010 155 nm 0.42
DBR low index PFP 1.30 0.002 116 nm 0.25
Cavity layer 60 vol%Ti hybrid 1.59 0.010 618 nm 1.67
Annealed at 150oC Material na nb d nd/λ0
DBR high index 60 vol%Ti hybrid 1.71 0.020 85 nm 0.25
DBR low index PFP 1.30 0.002 116 nm 0.25
Cavity layer 60 vol%Ti hybrid 1.71 0.020 340 nm 1.00
Table 5.2: Design parameters for annealed microcavity centred at 600 nm, using 60
vol%Ti hybrid and PFP for the DBRs, and 60 vol%Ti hybrid as the cavity layer.
to give the required as-cast structure using the known contraction and index increase
values.
An example of this procedure is shown in Figure 5.5, the transmittance for the annealed
microcavity- designed with the cavity mode at 600 nm. Whereas the as-cast structure
is de-tuned, the annealing causes a blue-shift of the spectra and subsequent appearance
of a clear cavity mode in the centre of the reflectance band. Not only is the reflectance
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band of the DBRs shifting due to the contraction and index increase of the hybrid layers,
but the cavity itself is also a hybrid layer so its optical thickness also drops during the
thermal annealing.
The thermal tuning of the hybrid’s optical properties (see Figures 3.24 and 3.26) gives
huge scope for interesting microcavity structures that can be tuned and de-tuned de-
pending on the specific design. For example, if a high titanium content hybrid were to
be used as the cavity layer and another thermally stable material used as the high index
DBR layers then the microcavity would become an optical thermometer. The cavity
mode would be permanently shifted by an increase in temperature- itself well under-
stood from the work on thermally annealed single films, and repeated for hybrid films
in multilayer assemblies. The ability to probe the temperature optically could offer an
advantage over competing technologies for some applications.
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Figure 5.5: Transmittance spectra of a λ cavity between 6 period DBRs that was
designed for 600nm after annealing at 150oC. The transmittance of the as-cast structure
is also included to show how the thermal annealing takes the structure from a de-tuned
to a tuned state.
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5.2 Active microcavities
Having demonstrated the ability to produce all solution-processed microcavities incor-
porating the titanium oxide hydrate/PVA hybrid the next step is to attempt an active
cavity. The motivation and basic operating principle of an active microcavity were
touched upon in the introduction to this section; namely the control of emission and/or
absorption properties of an optical material by coupling to a cavity mode and means by
which to probe the coupling of light and matter states in a solution processed device. In
Figure 5.6 is the classic polariton branch diagram showing the dispersion of the cavity
mode and how- if an absorbing material is placed inside the microcavity, the exciton can
become coupled to produce a new mixed state: the polariton [130, 138]. By probing the
reflectance of the cavity at the correct incident angle the coupling of the exciton and
photon states can be observed as a splitting of the normal modes.
Angle (degrees)
Energy
0
Photon
Exciton
Upperpolariton
Lowerpolariton
10 20 30 4010203040
Ω
Figure 5.6: Branch diagram showing an uncoupled exciton and cavity mode (dotted
lines) and the coupled state with both upper and lower polariton branchs (solid lines).
The position of maximal coupling is denoted Ω.
There has been an enormous interest in the strong coupling regime for both inorganic
[127–129] and organic [118, 130, 131] microcavities, yet the design of these microcavities
has many differences. The Rabi splitting energy of the two polariton branches can be
expressed as
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EΩ =
√
~αec
e
γeΓ− 1
4
(γc − γe)2 (5.2)
where αe is the absorption coefficient of the active material, Γ is a confinement factor
describing the overlap of the exciton absorption and the cavity mode, and γc and γe are
the widths of the cavity and exciton modes (in eV) respectively [138].
To maximise the Rabi splitting for a microcavity it is important to use an active material
with high absorption coefficient and to achieve a good overlap between the exciton
absorption and the cavity mode as both of these parameters; αe and Γ, are in the first
term of Equation 5.2, which is additive. The second term is subtractive, and so must
be minimised. This is a function of the difference between the exciton and photon
linewidths, these must therefore be matched as well as possible.
Inorganic semiconductors have delocalised excitons that are characterised by small bind-
ing energies, oscillator strengths and optical line widths. These materials need high Q
cavities and often only work at low temperatures. This has lead to the use of quantum
well devices, needed to boost spatial confinement and excitonic oscillator strength [139].
The materials of choice for inorganic microcavities are III-V semiconductors such as
GaAs [140], ZnSe [141], CdTe [142] and GaN [143].
Organic semiconductors are characterised by their localised Frenkel excitons, largely
due to their modest dielectric constant that does little to screen the Coulomb inter-
action between electron and hole. This results in large exciton binding energies and
oscillator strengths, giving elevated Rabi splitting energies [132], especially in com-
parison to inorganics [144]. Organic semiconductors are also defined by their broad
absorption bands, caused by coupling to vibrational modes. For this reason high Q fac-
tor cavities are not necessarily beneficial when attempting to observe anti-crossing for
an organic microcavity. Organic materials that have been used to demonstrate strong
coupling include porphyrins [130, 145], J-aggregates [118, 146] and polysilanes [132].
Porphyrins are attractive because they are relatively immune to broadening caused by
vibronic coupling, but also have high absorption coefficients. J-aggregates have rel-
atively narrow line widths and very high absorption due to their supramolecular or-
ganisation, yet they pose considerable deposition challenges. α-conjugated polysilanes
combine high exciton binding energies with similarly large oscillator strengths to allow
observation of Rab splitting of 430meV [132]. The record Rabi splitting energy has
been pushed further to 450meV [147] and 700meV [148] for tetracene and mercyanine
microcavities respectively. Giant Rabi splitting of ≈ 1eV was reported recently for a
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metal clad organic microcavity containing 2,7-bis[9,9-di(4-methylphenyl)-fluoren-2-yl]-
9,9-di(4-methylphenyl)fluorene [133]. This has been named the ultrastrong coupling
regime, in which Er ≈ Eex.
There is a rich and active body of work concerning strong coupling for organic microcav-
ities, briefly summarised above. It is important to place our microcavity structures in
the context of the preeminent work in the field, yet the results reported are intended not
so much as a route to uncovering new discoveries about the underlying physics of these
systems. It is the materials and associated fabrication processes that are of interest,
namely depositing the structure entirely from solution.
However, there is very little published material concerning all solution-processed ac-
tive microcavities. There have been solution-processed RCLEDs reported using multi-
layer stacks of SiO2 doped poly(p-phenylene vinylene) (PPV) and neat PPV, yet this
approach is hindered by scattering losses from the inorganic species and a laborious
annealing step for every deposited layer [149]. There have also been attempts at mi-
crocavities using two polymers of different refractive index, deposited by spin coating
from orthogonal solutions. Systems such as poly(9-vinylcarbazole)/ poly(acrylic acid)
[135], and polystyrene/ cellulose acetate [136] have been demonstrated, but they suffer
from poor control of layer thickness- itself a consequence of spin-cast deposition, and
the small index contrast of the two materials. The poor index contrast by definition
dictates that there need be more layers to achieve a given reflectance of the multilayer
assembly, accentuating the deposition related issues. Considering the quality of the
multilayer structures presented in Chapter 4, the hybrid/PFP system offers a route to
high quality solution-processed active microcavities. This is of interest because it offers
all of the advantages of solution-processable materials touched apon many times in this
thesis: cheap and readily accessible materials, vastly simplified fabrication processes and
potential for large area deposition.
This section will begin with the optical characterisation of a suitable active material for
inclusion in a solution-processed microcavity. The fabrication challenges brought about
by the designs will be explored and then the deposited structures measured optically to
analyse whether coupling between the active material and cavity was achieved.
5.2.1 Perylenediimides as active cavity materials
Achieving coupling between the photon and exciton states in an optical microcavity
requires careful consideration of both the active material and microcavity design. Bal-
ancing the linewidths of the light and matter states is absolutely key, as is making sure
there is sufficient absorption provided by the exciton.
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Figure 5.7: The chemical structure of b-PDI-1.
Perylenediimides (PDIs) are fluorescent dyes that have been investigated for their promis-
ing optical properties; namely high quantum yields and tunability of optical transi-
tions [150–152]. They are chemically and thermally robust, and their solubility makes
them attractive for organic electronics applications such as organic field-effect transistors
(OFETs), dye lasers and organic photovoltaic cells [151]. A perylene molecule is capped
by imide groups, with bay substituents in the 1, 6, 7 and/or 12 positions. The imide
groups control the aggregation and solubility of the material, and the bay substituents
are used to dictate the electronic and optical properties [151].
The active material chosen for our solution-processed microcavities is b-PDI-1, a bay-
substituted PDI with two diphenylphenoxy groups at the 1,7 positions and ethylpropyl
groups in the amide position [153]. The chemical structure of b-PDI-1 can be found
in Figure 5.7. The material was synthesised by Sara Pla at the Universidad Miguel
Herna´ndes de Elche.
To assess the suitability of the material, thin films (d < 100nm) were prepared and
measured using the UV-Vis spectroscopy techniques described extensively in Chapter 3.
The films were bar coated from a chloroform solution. Transmittance and reflectance
spectra were measured and combined to find the absorbance of the film applying the
A=1-R-T condition. The fact that reflectance is measured at 8o is ignored as such a
small incidence angle causes very little shift in the spectra. This data is plotted in Figure
5.8.
b-PDI-1 has two major absorption bands in the visible, the first at 519 nm and the second
larger peak at 562nm. The absorption coefficient- calculated using Equation 3.16, peaks
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Figure 5.8: The transmittance and reflectance (θi = 8
o) spectra of b-PDI-1 thin
film on glass. These spectra have been combine to find the absorbance of the film as
A=1-R-T. Absorbance peaks are at 519 and 562 nm.
at 562 nm with α = 105cm−1. This is comparable to other organic semiconductors
such as poly(n-butylphenylsilane) (PBPS) [138], suggesting that sufficient light will be
absorbed by the active layer..
Using the absorbance spectra from Figure 5.8 it is possible to probe the photolumines-
cence of b-PDI-1. Initially it is only the spectral position of the emission that is of
concern. The photoluminescence intensity of a thin b-PDI-1 film pumped at 519 and
562 nm is plotted in Figure 5.9. This reveals two significant emission peaks at 586 and
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Figure 5.9: Photoluminescence of b-PDI-1 pumped at 519 and 562 nm with emission
peaks at 586 and 628 nm.
628 nm, and a small shoulder at 700 nm. The data has been removed for the width of
the pump i.e.. around 519 and 562 nm for the respective spectra.
If plotted together, as in Figure 5.10, the absorbance and emission spectra reveal a small
Stoke’s shift of 24 nm. The FWHM of the absorbance and emission peaks are 30 and
40 nm respectively (118 and 143 meV). b-PDI-1 therefore satisfies the requirement for
large oscillator strength, relatively narrow line widths and Stoke’s shift compatible with
the hybrid/PFP DBRs that are intended for the microcavity.
Before the microcavity can be designed it is essential to have the refractive indices of
all the materials. Most parts of the jigsaw are complete; the optical characterisation of
the hybrid in Chapter 3 and PFP in Chapter 4 means it is only b-PDI-1 that needs to
be characterised. The rest of this section will deal with finding the refractive index of
b-PDI-1.
In Figure 5.11 is the transmittance and reflectance spectra of a perylene thin film, spin
cast on quartz from a chloroform solution. This sample is identical to that presented
in Figure 5.8 yet the thickness has been increased dramatically by spin casting at low
speed, with a concentrated solution. The transmittance is now effectively 0% in the
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Figure 5.10: Normalised absorbance and emission of b-PDI-1. A small Stoke’s shift
of 24 nm makes the material attractive for microcavity applications.
Thickness, d Index, na Index, nb Extinction coefficient, k
530 nm 1.645 0.032 0.001
Table 5.3: Optical parameters used to fit the transmittance spectra of b-PDI-1 (see
Figure 5.12).
absorption band; the first clue that the thickness is much higher. At longer wavelengths
the transmittance picks up, tracing out the kind of Fabry-Perot oscillation used for
hybrid films to extract the refractive index in Chapter 3. The bottom panel of Figure
5.11 gives a zoomed in plot of the transmittance and reflectance spectra, in which its
oscillations are highlighted. The features of these spectra can be analysed in exactly
the same manner as for hybrid films in Chapter 3. Regarding the optical loss; there
is a small difference between the transmittance maxima and that of the bare quartz
substrate (< 1%) yet this corresponds to an absorption coefficient < 100cm−1 given the
film thickness is ≈ 1µm.
To extract the refractive index of perylene in the region 700 to 1400 nm TMM modelling
was used to fit the oscillatory transmittance spectra. The Cauchy equation is used to
generate the dispersive refractive index- a valid assertion as this is at longer wavelength
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Figure 5.11: The transmittance of a 530 nm b-PDI-1 film on quartz (top) with zoomed
in view of transmittance and reflectance for the low loss region above λ = 600nm
(bottom). Fabry-Perot oscillations indicate high quality, low loss films.
than the absorption band, with the thickness also optimised. The fitting parameters
are collected in Table 5.3 and the calculated and measured transmittance spectra are
plotted in Figure 5.12 to demonstrate the quality of the fit.
The motivation for obtaining the refractive index in the infrared is that this value can
then be used, along with the absorption coefficient, to calculate the refractive index in
the visible. This is done using a singularly-subtracted Kramers-Kronig approach, in
which the absorption coefficient is integrated to give the shape of the refractive index
Chapter 5. Optical microcavities 129
Transm
ittance
 (%) 92968884
Wavelength (nm)600 800 1000 1200 1400
Quartz
Figure 5.12: The measured (solid opaque line) and calculated (dotted line) transmit-
tance spectra of a 530 nm b-PDI-1 film on quartz. A good fit is achieved for the part
of the spectrum in which the material has low optical loss.
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Figure 5.13: Refractive index and extinction coefficient of b-PDI-1. Extinction co-
efficient is extracted from transmittance and reflectance measurements of thin films,
using a Beer-Lambert approach (Equation 3.16). The refractive index is obtained us-
ing a singularly-subtracted Kramers-Kronig approach, with the index in the infrared
determined by TMM modelling of Fabry-Perot transmittance oscillations.
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before it is shifted to coincide with the single known value [154]. The refractive index
and extinction coefficient of b-PDI-1 are plotted in Figure 5.13.
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Figure 5.14: Photoluminescence of a tri-layer perylene/hybrid structure (see
schematic) demonstrating the ability to deposit the active material in a hybrid cav-
ity whilst maintaining its emission.
The final test for b-PDI-1 relates to its compatibility with the hybrid. The microcavity
design is discussed in detail in Section 5.2.2, yet it is safe to assume that it will necessitate
the deposition of the active material on top of and below either the hybrid or PFP.
Chloroform has so far been used as the solvent for b-PDI-1, and so deposition on top of
PFP is unfeasible due to desolving of the underlying polymer. As the hybrid is cross-
linked it is rendered insoluble, and after testing the deposition of chloroform solutions of
b-PDI-1 on hybrid films this is found to be the case. This seems to be an easier option
than searching for orthogonal solvents of b-PDI-1 and PFP. The only concern is whether
depositing the hybrid on top of b-PDI-1 will in any way compromise the emission of the
material. This is based on previous unreported studies in which Cadmium nanodots
were investigated for the same application and the immersion of the nanodots in the
acidic hybrid solution completely quenched their emission.
Tri-layer structures of b-PDI-1 sandwiched between 60 vol%Ti hybrid were fabricated
by wire bar coating and dip coating respectively. By depositing the structure shown in
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the inset of Figure 5.14 it is possible to fully understand the effect of the hybrid on the
emission from b-PDI-1. The sample is pumped at 562nm at positions A, B and C with
emission recorded from all three (Figure 5.14). The key message from this graph is that
it is possible to deposit b-PDI-1 between layers of 60 vol%TI hybrid and maintain the
emission observed for single films. The change in intensity is due to the perylene layer
absorbing different amounts of light depending on the structure used- itself caused by
reflection from the various interfaces, and also the out-coupling of the three structures.
5.2.2 Design of active cavities containing Perylene derivatives
The critical consideration when designing a microcvaity for observation of strong cou-
pling is where spectrally to put the cavity mode at normal incidence. The aim is to
observe anti-crossing of the two modes as the system is brought through resonance, as
is shown in Figure 5.6. At normal incidence the cavity mode should be at longer wave-
length than the exciton mode so that as the reflectivity is probed at higher incident
angles the anti-crossing of the two modes can be observed.
60vol%Ti hybrid
Substrate
PFP
Perylene
4 period DBR
4 period DBR
Cavity layer
|E|2
Figure 5.15: Optical microcavity structure used to probe strong coupling between the
cavity mode and the active material: a perylene derivative. Most notable is the use of a
thin absorbing layer, positioned at an antinode of the electric field, in a predominantly
inactive cavity.
It was preferable to design the b-PDI-1 microcavity for measurement after thermal
annealing. This is primarily because the increase in index contrast allows the structure
to be fabricated from the minimum number of periods, although the widening of the
reflectance band is another advantage. However, as with all hybrid containing annealed
multilayer structures this also adds a level of complexity to the design because it means
that the contraction has to be pre-designed in for the as-cast structure. Therefore,
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As-cast Material na nb d nd/λ0
DBR high index 60 vol%Ti hybrid 1.59 0.010 151 nm 0.41
DBR low index PFP 1.30 0.002 113 nm 0.25
Cavity layer 60 vol%Ti hybrid 1.59 0.010 269 nm 0.72
Active layer b-PDI-1 N/A N/A 30 nm 0.01
Annealed at 150oC Material na nb d nd/λ0
DBR high index 60 vol%Ti hybrid 1.71 0.020 83 nm 0.25
DBR low index PFP 1.30 0.002 113 nm 0.25
Cavity layer 60 vol%Ti hybrid 1.71 0.020 148 nm 0.45
Active layer b-PDI-1 N/A N/A 30 nm 0.10
Table 5.4: Design parameters for annealed microcavity centred at 586 nm, using 60
vol%Ti hybrid and PFP for the DBRs, and 60 vol%Ti hybrid as the cavity layer with
30 nm of the emissive small molecule b-PDI-1 at the centre. Design provided by P. N.
Stavrinou [155].
immediately after deposition the microcavity is de-tuned, but then the whole structure
can be annealed to bring the cavity mode to the desired wavelength.
As with the DBRs and passive microcavities, the hybrid and PFP layers are dip-cast
from solution to provide the necessary control of thickness. There is no need to repeat
the details of the fabrication here so for more information see Section 4.3. The annealed
thickness of the hybrid layers in the DBRs are arrived at by applying the quarter-wave
condition with λ0 = 586nm, then the 45% contraction on annealing at 150
oC gives
the as-cast thickness. The same technique gives the thickness of the cavity layer itself,
and the PFP is unchanged by thermal annealing, making it fairly straight forward to
find the desired thicknesses. The optical parameters of the microcavity before and after
annealing are collected in Table 5.4.
Perhaps the most interesting part of the microcavity design shown in Figure 5.15 con-
cerns the placement of the active material in the cavity. Although it is common for
the active material to fill the entire cavity section [118, 130, 132, 145], the design in
Figure 5.15 has just 30 nm of b-PDI-1 in the middle of a 60 vol%Ti hybrid filled cavity.
This is used as the active material is positioned at a maxima of the electric field, thus
maximising coupling to the cavity photon mode [146, 156].
b-PDI-1 is synthesised in relatively small batches (< 1 g), this makes deposition by dip
coating un-practical as it would require the production and ultimately the wasting of
large quantities of the material. For this reason the active layer must be bar coated, as
with the single thin films discussed in Section 5.2.1. It is very difficult, if not impossible,
to extract the thicknesses of films around the 30nm needed for the perylene layer in
the microcavity by analysing interference effects in their transmittance spectra. This
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Figure 5.16: Calculated s and p-polarised reflectivity dispersion of 1λ microcavity
with b-PDI-1 emitter, provided by P. N. Stavrinou [157]. Clear anti-crossing of the two
modes is observed at 24o.
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is exacerbated by the fact that these interference effects can only be observed above
≈ 600nm, by which point any oscillations are even more shallow. However, as the
absorption coefficient is known, the best way to measure the thickness of very thin films
is to consider the transmittance at 562 nm; this drops with thickness as more light is
absorbed. The thickness is tuned by altering the concentration of the solution, with
all other variables (spacing height, wire diameter, coating speed, voume of solution,
temperature) kept constant. The outcome of this calibration process is to settle on a 10
mg/ml chloroform solution of b-PDI-1, with which high quality films with a thickness
of 30 nm are reproducibly deposited.
Before fabricating the microcavity, the reflectivity dispersion of the b-PDI-1 containing
structure of Table 5.4 was calculated [157]. This allows us to check whether the desired
anti-crossing that demonstrates coupling between the emitter and cavity modes will
be observed in angular reflectance measurements. The calculated reflectance spectra
(Figure 5.16) show that at normal incidence a sharp dip at 586nm: the cavity mode, and
a shallow dip at 562 nm: the exciton absorption. As the incidence angle is increased, and
the cavity mode is blue-shifted, the modes move together and their intensities become
more balanced. At 24o there are two separate, but equal intensity dips in reflectivity,
the classic hallmark of a coupled microcavity system. These calculated spectra indicate
that the structure design in Table 5.4 will enable the production of a solution-processed
microcavity exhibiting clear coupling between the cavity and excitonic modes.
5.2.3 Optical characterisation of solution-cast optical microcavities con-
taining b-PDI-1
The structure described in Section 5.2.2 was fabricated by dip-coating (apart from the
wire bar coated b-PDI-1 layer), then the entire assembly was annealed at 150oC. As with
any of solution-processed multilayer structures presented in this thesis, some amount of
contamination is inevitable during the fabrication. These contaminants severely compro-
mise the optical properties of these multilayer structures- unsurprising given that they
(dust, hairs etc.) are likely to be orders of magnitude larger than the individual layers,
and are more prevalent for structures with a greater number of layers. To try to avoid
such defects, and also to try to locate a position on the sample at which the cavity mode
is as close to the desired position of 586 nm as possible the normal incidence reflectance
is measured across the surface using a microscope mounted spectrometer. This allows
all promising parts of the sample to be located for further examination.
Once such positions have been identified, reflectance measurements must be taken. As
with the angular reflectance and transmittance spectra of the DBRs and passive cavities
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Figure 5.17: Reflectance spectra of a microcavity containing b-PDI-1 at 15o. The
two modes, labelled exciton-like and photon-like, are clearly observed as dips in the
reflectivity inside the DBR stop-band.
a J.A. Woollam WVASE-32 ellipsometer is used. The reflectance spectra from a perylene
microcavity at θi = 15
o (the smallest possible incident angle) for both polarisations are
plotted in Figure 5.17. A wide reflectance band is punctuated by a sharp drop at 586 nm,
this is labelled as the second mode in Figure 5.17. At 562 nm there is another, smaller
drop in reflectance, this is the wavelength of the major b-PDI-1 absorption band. The
observation of these two modes confirm that this is a microcavity that is resonant at, or
very close, to the desired wavelength and that it contains a layer of the active material.
To analyse whether the cavity and exciton modes are coupled for the perylene micro-
cavity it is necessary to measure their dispersion with incident angle. In Figure 5.18 are
reflectance spectra for the same structure as reported in Figure 5.17 at selected incident
angles. Observed at θi = 27
o, the first mode is unchanged yet the second has blue-shifted
and is roughly the same intensity. The dispersion of the second mode with incident angle
is photon-like, as would be expected from a negatively detuned microcavity. Consdering
the spectra for θi = 29
o and θi = 33
o there is clear anti-crossing of the two modes, the
second pinned at 570nm as the first continues to blue-shift past the point of resonance.
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Figure 5.18: Offs-set p-polarised reflectance spectra of a microcavity containing b-
PDI-1 at 15o, 27o, 29o and 33o.
The positions of two modes have been traced for the off-set spectra in Figure 5.18 to
guide the eye (dotted lines).
The positions of the two modes are identified as the dips in the reflectance spectra,
like the ones clearly visible in Figure 5.18. Above θi = 50
o the modes become too
difficult to make out, and for some smaller incident angles there is an a degree of error
introduced as they become less and less defined. If the positions of the two modes are
plotted against incident angle, as in Figure 5.19, then their anti-crossing at resonance is
demonstrated. This is often cited as a key indication of the strong coupling regime for
an optical microcavity [118]. The anti-crossing corresponds to a Rabi splitting energy of
EΩ ≈ 50meV , by no means a headline figure yet this was not the key motivation for the
device. What has been demonstrated is coupling between active material and a cavity
photon mode for an all solution-processed optical microcavity.
The effect of a planar microcavity structure on the emission of an active material is the
subject of a large body of research [111, 119, 158], with particular focus on the resonant
cavity light emitting diode (RCLED) [159, 160]. This is interesting because it allows
tuning of the angular properties of the emission due to coupling of the emitted light to
the continuum of cavity modes. If the normal incidence cavity mode λcav(0) coincides
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Figure 5.19: Reflectance minima of a microcavity containing b-PDI-1, exhibiting the
classic anti-crossing behaviour. Wavelength on the y-axis is dropping to allow compar-
ison with the polariton branch diagram (see Figure 5.6). Absorbance and photolumi-
nescence spectra of b-PDI-1 is plotted to highlight that the first minima for θi < 30
o is
due to the excitonic absorption.
with the emission wavelength λem then the device is said to be tuned, whereas if there
is spectral shift between λcav(0) and λem then it is detuned. A tuned cavity will emit
strongly normal to the planar microcavity, and if a detuned cavity is configured such
that λcav(0) > λem then the emission will peak at some larger angle, dependent on the
dispersion of the cavity [158–160]. This therefore offers another way to test the reposnse
of this all solution-prcessed optical microcavity.
The normal incidence cavity mode of the perylene microcavity reported in Figure 5.19
is just above 590 nm. Comparing the position of λcav(0) with the emission spectra in
the right panel of Figure 5.19 suggests that the cavity mode is very close to the peak
emission wavelength, and therefore the cavity is tuned. As described above, this should
result in maximal emission normal to the structure (θ = 0o).
The angular emission of the b-PDI-1 microcavity is plotted in Figure 5.20. The micro-
cavity was pumped non-resonantly using the second harmonic of a regenerative amplifier
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Figure 5.20: Angle dependent emission of microcavity containing b-PDI-1 obtained
by k-space imaging of the sample emission.
(λ0 = 1030nm, pulse duration ≈200 fs, repetition rate=600 kHz). The photolumines-
cence was collected using a microscope objective with the Fourier plane imaged on the
entrance slit of a monochromator, allowing the emission for angles spanning 0 < θ < 0
to be measured in one shot by an ICCD. The data was recorded in collaboration with
Pascal Gre´goire at Universite´ de Montre´al.
The emission has an angular dependence, blue-shifting from 590nm at θ = 0o to 580 nm
at θ = 20o. There is very little emission collected for θ > 20o as the emission of b-PDI-1
falls sharply with wavelength, this may also indicate that the out-coupling is limited at
such angles. At low angles the lower polariton branch is distinctly photon-like, therefore
excitons that scatter into these states can decay radiatively. In the weak coupling regime
the emission closely follows the cavity mode dispersion [135], this is clearly verified by
the results in Figure 5.20.
In conclusion, the hybrid/PFP combination has been demonstrated as a route to all
solution processable passive and active microcavities. This opens up the field to materials
processing techniques previously thought unsuitable for fabrication of such sensitive
optical structures, allowing fabrication at a fraction of the cost and technical expertise.
Furthermore, the use of the hybrid in such devices could provide multiple benefits related
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to post deposition tuning of optical microcavities by thermal annealing. The results in
this chapter mark the very beginning of the story with regards to solution processed
optical microcavities.
Chapter 6
Conclusions and future work
The results of this thesis have focused on the optical characterisation and application
of a new type of high index, solution-processable optical material. Having explored the
limitations of HRIPs: modest increases in refractive index [17], and nanocomposites:
complex synthesis routes needed to prevent optical losses [33], a different approach was
necessary. The motivation for this was provided by the work of Russo et al. [37], in
which they demonstrate the production of a molecular hybrid: titanium oxide hydrate
cross-linked PVA. They reported tunable refractive index and high transparency for
hybrid materials approaching 100% inorganic species.
The synthesis of the hybrid material was explained, focussing on the production of
amorphous titanium oxide hydrates by slowly hydrolysing titanium tetrachloride at low
temperature. From this point the synthesis of the hybrid is relatively straightforward:
mix with an aqueous solution of PVA, and deposit by any typical solution-processing
technique.
The optical characterisation made use of the cavity response of hybrid thin films. By
modelling the oscillatory Fabry-Perot transmittance spectra using a TMM approach
the refractive index of the hybrid material was extracted, and found to be tunable
between 1.5 and 1.8 simply by controlling the inorganic content of the hybrid at the
synthesis stage. This simple, but rarely used, method of optical measurement allowed
the simultaneous verification of the exceptionally low optical losses of the hybrid and also
the excellent quality of thin films deposited from solution. The losses were found to be
less than 100 cm−1 and the refractive index was verified by variable angle spectroscopic
ellipsometry. The UV absorption of the hybrid was investigated and found to increase
linearly with inorganic content, reaching 3× 105 cm−1 for 80 vol%Ti hybrid films.
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The refractive index of the hybrid can be further increased by thermal annealing, if there
is sufficient water vapour present to avoid cracking of the film. The reason the films have
a propensity to crack is that they undergo a considerable contraction during annealing:
up to 50%. This contraction massively increases the density of titanium species in the
material, driving up the absorption coefficient and thus the refractive index (expected
from the Kramers-Kronig relation [59]). In fact, the optical density of the material is
invariant during annealing, completing the picture with regards to the change of optical
properties. Refractive index and low optical loss are again verified by modelling of thin
film transmittance spectra, and are verified by ellipsometrical measurements. Thermal
annealing widens the refractive index window for the hybrid so that values between 1.5
and 2.05 are attainable, placing the hybrid amongst the highest reported indices for a
solution-processable material [32, 33].
The hybrid material is then used to fabricate various planar photonic structures. The
first example is a DBR in which a 60 vol%Ti hybrid is deposited with a low index
fluorinated polymer: PFP. Various examples are presented, attaining high reflectance
with relatively few layers. The quality of the multilayer structures is demonstrated by the
typical oscillations outside of the reflectance band, that are observed, and successfully
modelled using the TMM approach. Thermally annealed DBRs are also presented for
which the blue-shift caused by the contraction and index increase of the hybrid is pre-
designed. This allows a DBR with reflectance of ≈ 100% over a 100 nm range from just
10 repeated periods. Thermal annealing is also demonstrated as a means by which to
achieve post-deposition tuning of the optical properties of the hybrid/PFP DBRs.
The hybrid is also investigated as a material for the production of ARCs for glass.
A design for a symmetrical bi-layer coating is arrived at and deposited from 20 vol%Ti
hybrid and PFP. This achieves an 87% reduction in reflectance compared to the uncoated
glass.
Finally, the hybrid/PFP system is used to produce optical microcavities. Initially this
involves depositing a defect layer in a DBR stack, observing the classic transmittance
peak inside the DBR’s stop-band indicative of an optical microcavity. A perylene deriva-
tive (b-PDI-1) is chosen to probe the coupling of the excitonic absorption and the cavity
mode. Angular reflectance measurements reveal anti-crossing between the two modes
and k-space imaging of the emission shows that the wavelength shifts with observation
angle: indicative of the weak coupling regime. This, to the best knowledge of the au-
thor, represents the first demonstration of coupling between an emissive material and a
microcavity fabricated entirely from solution.
This thesis has presented a comprehensive optical characterisation of the titanium oxide
hydrate/PVA hybrid, showing that it is capable of indices between 1.5 and 2.05 yet with
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exceptionally low optical losses. This paves the way for many applications in which
the elevated indices and favourable processability can be benefitted form. Extraction
layers for OLEDs, in-coupling enhancement for OPV, selective reflectors for OPV, or as
demonstrated in Chapter 4, solution-processed DBRs for heat management applications.
The index tuning achieved by thermal annealing in Chapter 3 has recently been demon-
strated by a completely different method. The transmittance spectra of an 80 vol%Ti
hybrid film before and after placing under vacuum (5.5 × 10−6mbar) for 30mins shows
that a drastic increase in refractive index, and contraction, is produced (Figure 6.1). This
is very interesting in terms of understanding what is driving the contraction; clearly this
can be activated either by a thermal energy input, or by a sharp pressure gradient and
the water removal that will no doubt be caused. From a practical point of view this
offers a route to ultra-high refractive indices, without heating the sample.
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Figure 6.1: Transmittance spectra of an 80 vol%Ti hybrid film before and after
placing under vacuum (5.5× 10−6mbar) for 30 mins. The vacuum treatment causes a
contraction and index increase that is comparable to the thermal annealing presented
in Chapter 3.
The DBRs presented in this thesis utilise a 1-dimensional periodic change of refractive
index to control the propagation of light through the structure. There are, however,
many photonic structures that have 2 or 3-dimensional periodicities, something that
would be interesting to explore as an application for the hybrid. In our group, George
Richardson has demonstrated just this with his gratings fabricated from solution using
a technique called MIMIC, that relies on capillary action to draw the hybrid solution
into the grating relief. There may, however, be another way to achieve 2-dimensional
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patterning of the hybrid: using a heated-tip AFM. Preliminary results by Joe Shaw in
the group of Thomas Anthopoulos using hybrid films have indicated that nanometre
scale thermal patterning is possible. A hybrid film was mounted in the AFM, then a
heated tip was brought onto the surface and several 13µm rectangles were traced out.
This resulted in a contraction of the film only in the area that had been in contact
with the heated tip (Figure 6.2). To clarify that the deformation was caused by heat
transfer from the tip- and not dredging of the material, other areas were also scanned
with no heat applied. No contraction was observed in this scenario. Although no optical
measurements have been made on these samples it is feasible that the index increase
could be inferred from the relative contraction using the results reported for whole films.
Then, if a sufficient area can be patterned, optical measurements on a simple design such
as a grating would be the first objective. The freedom with which to design the patterned
structure using the heated tip AFM would be extremely interesting for various photonics
applications.
Zoom 13μm
Heat onHeat off
Figure 6.2: Microscope image of hybrid film thermally annealed using a heated tip
AFM, provided by Joe Shaw [161]. The zoomed section on the right has been coloured
to show the heated and un-heated areas.
There are also various avenues of interest being pursued by members of the Stingelin
group regarding the hybrid material. These include, but are not limited to, integration
of different inorganic cross-linking agents, and the use of different polymers, including
conductive polymers. Patterning of the material by embossing, printing, and selective
UV irradiation are also active areas of research. And lastly, leading directly from the
planar structures presented in this thesis, for each application the structures reported
here are only the beginning of the story with much work needed to optimise them, and
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communicate the advantages of the hybrid as a photonic material to the rest of the
optoelectronics field.
Appendix A
Absorption of titanium oxide
hydrates in solution
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Figure A.1: Transmittance spectra of titanium oxide hydrate solution in water.
The transmittance spectra of a cuvette of 40vol%Ti hybrid solution shows the appearance
of a peak at 232nm, the same position as the dominant absorption peak of the hybrid
in the solid state.
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Appendix B
Ellipsometrical fitting
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Figure B.1: Measured and calculated plots of ψ and δ for PVA, 20, 40 and 80vol%Ti
hybrid films spin-cast in silicon wafer. These two qualities are extracted from mea-
surements of the relative change in intensity of p and s-polarised reflected waves, as in
Equation 2.49. The agreement between measured and calculated spectra is excellent
across the entire wavelength range, suggesting that the extracted index are highly reli-
able. For more information on how refractive index is extracted by an ellipsometer see
Section 2.9 or [43].
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Appendix C
Spectral response of thick hybrid
films
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Figure C.1: Transmittance and reflectance spectra of an 80 vol%Ti hybrid film with a
thickness of 0.5µm, along with the spectra for the bare quartz substrate. The indicators
of low optical losses are again present: transmittance maxima coincident with the
substrate transmission, even for this thicker, and therefore more sensitive, thin film.
The increased thickness causes many more full oscillations in the transmittance and
reflectance spectra across the same wavelength range.
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